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ABSTRACT 
Powl'.r trans·for'ml'.rs arc used in a variety of application
s with operating frequencies ranging from 
l)O 111. thru 20 MHz. The performance of a power trans
former in a particular circuit topology can 
be predicted with a <liscn:tc clement model of the transf
ormer. Power transformers arc operated in 
such a man_nl'.r that the clements of the discrete model 
apply only for a narrow ban<l of operating 
u_rn<litions. Tht: l'.lcml'.nts of this model can be divided
 into two catcgorit:s. The clements in the 
first category ;ire princ"ipally lkpl'.n<lent on the propert
ies of the magnl'.tic core. The clements in 
t ht: second catcgory arc principally dependent on the geo
metry of the coil. 
Empirical methods used to determine the parasitic cle
ments dependent on (he properties of the 
m;1gnctic cure ;ire discussed. Corrclatiqns arc mad
e between the core loss and amplitude 
permeability properties of Manganese Zinc fcrritcs 
under bipolar _and unipolar excitation 
·conditions·. Ampli.lulk peri~1cability as a function of un
ipolar excitation level is a shifted subset of 
amplitude permeability as a function of bipolar excitation
 lcyels. Core loss is thl'. same for a given 
flux dcn\ity swing for either excitation type. These corre
lations arc valid within the linear region of 
the magnetic m~1tnial hystcn:sis loop. 
Well established t:qu:1tions can be use<l lo determine 
the parasitic clt.:mcnts dependent on the 
phys·ical gcomclry of concentrically wound coils. The ap
plicability of these equations to planar C()il 
gcomdry is demonstrated. The limits. on element value
s as well as conflicts between the various 
parasitic clc1i1cnts that arise from the relationship 
of the parasitic clements to the phys1cai 
_gcomct ry oft he coil places arc discussed. 
1 
r INTRODUCTION 
Powe( transformers arc used in a variety of app
lications with operating frequencies ran
ging from 
<><) Hz I hru 20 MHz. These applications typ
ically require that the transformer be 
oplimizcd for-
cffickncy with. give.n physical specificat
ions or for volume with given efficienc
y specifications. In 
cilhcr circumstance, the transformer is 
expected to operate as nearly as possibl
e to a set of ideally 
niuplcd cuils. C iivt:n these.; specific<:1tion
s, individual powrr transformers arc typ
ically narrow band 
and nptimilcd for a specific frequency. 
The tr;rn~formcr is muc:h more than a s
et of ideally coupled coils for which the
 voltage relationship 
is defined by the.; turns ratio between the
 input and output windings· and t"he cur
rent relationship is 
defined hy the inverse of this same t
urns ratio. There arc parasitic net.w
orks of rcs~stanccs, 
c1paciLinccs ;ind inductances between 
the ideally coupled coils and the exter
nal ter·minals of a 
t r;rnsformcr as s·hown in Figure 1. 
These parasitics can eff ectivel.y be m
odelled as discrete 
components tvcn though they arc dist
ributed throughout the winding~ and m
agnetic core of a 
tran.sformcr. 
This discrdt: model can be used to m
odel a transformer's pcrformancc rega
rdless of operating 
frequency or circuit topolob'Y· The com
bination of size optimization with large 
voltage and current 
signals requires that the materials used 
in a power transformer arc to be used 
beyond the linca~ 
region of tht:ir pertinent proper.tics. 
Therefore, parasitic clcnrcnt vah1es s
hown for a power 
transfor·mer typically apply to a narrow
 set of operating conditions. The valu
es of the resistive 
pa'rasitic clements arc sensitive to the 
amplitude, frequenc;y and shape of the 
volt.age- and current 
waveforms .passing through the transfo
rmer. Th_ese sensitivities may be neglig
ible below certain 
threshold values of .fre.quency and sig
nal amplitude. The values of the rea
ctive elements are 
generally less sensitive to the amplitude,
 frequency and shape of the voltage and
 current waveforms 
passing through the transformer. 
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FIGURE 1 TRANSFORMER EQLJIVALEN.T CIRCUIT 
The significance of each parasitic element in determining the performance of the
 power 
transformer varies as a function of frequency and the circuit topology in which the tran&fo
rmer is 
u.sed. 
Several significant changes in the determination of a parasitic clem·ent value for v
arious 
applications and the criticality of the parasitic element in various circuit topologies arc out
lined as 
follows. 
1. The conductor losses in a power line transformer can be accounted for by the /
2R IOMCS in 
the de resistance of the winding conductors. However, in switchmode power transformers, 
current density may not be uniform throughout the cross section of a conductor and a
n 
effective ac resistance of the windings is required to account for the conductor losse5. 
2. The type of excitation can affect those parasitics associated with the magnetic
 core. 
Switchmode lransf ormers can be s_ubjected lo either bipolar or unipolar excitation conditions. 
Power line transformers. are typically subjected lo bipolar sinusoidal excitation. 
3. The inductances and capacitances associated with the coil construction do not app
reciably 
affect the performance of a power line transformer excited by sinusoidal waveforms. Th
ese 
parasitics simply affect the phase relationship between input and output windings. Th
ese 
parasitics generally do not distort the voltage and current waveforms nor degrade 
the 
coupling of the transformer windings. However, these same parasitics critically affect t
he 
rising and falling edges of rectangular pulses of voltage and current passing throug
h a 
switchmode transformer, as well as noticeably affecting the coupling between windings. 
This .thesis will analyze the discrete element model as it applies to transformers use
d in 
switchmode power supplies. For each parasitic element of the transformer model the 
following 
items willbe discussed: 
4 
1. calculation of the parasitic value from the physical construction of the component, 
2 test procedures used to determine the value of the parasitic component, 
3. effect of the parasitic element on the performance of various power train topol~ 
The calculation of parasitic clement.a associated with the magnetic core relies on the use of 
empirical data. Magnetic properties, such as permeability and power lou, are seJWl.i,,,c to the 
frequency, shape and type (bipolar or unipolar) of excitation waveform. Various test procedures 
used to obtain the empirical data to make these calculations will be discus.sed. However, data 
collection and analysis of magnetic core materials will be limited to Manganese Zinc (MgZn) 
ferrites. These are the most commonly used magnetic materials in the frequency range 20 kHz thru 
1 MHz. Some typicaJ magnetic materials and their typical frequency ranges are shown in Table 
1.1. 
TABLE 1.1 
Material Frequency Range 
NiSi Steel <50 kHz 
MgZn Ferrite 20kHz - 1MHz 
NiZn Ferrite lMHz- 2MHz 
Carbonyl SF 10MHz - 20 MHz 
Comparisons of the magnetic properties of MgZn ferrite cores will be made to those of nickel 
silicon steel cores at 20 kHz and powdered iron cores at 20 MHz. These comparisons will no~ be 
detailed and are presented solely to indicate various design options available to the magnetic 
component designer. 
Several parasitic elements are dependent on the coil geometry. There are seve"ral coil construction 
5 
techniques that are used in the manufacture of switchmode transf onncn: concentric, &plit &eetion 
and planar. Each of these construction techniques has ill own unique advantages and di&advantagcs 
as shown in Table 1.2. Well established parasitic calculations, as they apply to each coostruction 
technique, will be discussed. 
TABLE 1.2 
CONSTRUCTION ADVANTAGl!S 
CONCENTRIC Common materials 
SPLIT SECTION Common materials 
Good Isolation 
DISADVANTAGF.S 
Poor parasitic control 
High parasitic values 
PlANAR Excellent. parasitic control Custom materials 
High density achievable 
The parasitic perf oi:mance of three different 50 VA transformer designs will be compared 
throughout this thesis. Each of these transformers designated A, B and C respectively has been 
designed to operate in a specific circuit topology at a particular frequency outlined as follows: 
Dl!SIGN A: This transformer design utilizes a concentric winding construction and is designed 
for use in a bipolar q>nverter switching at 50 kHz. 
DESIGN B: This transformer design utilizes planar construction and is designed for use in a 
forward converter switching at 500 kHz. 
DESIGN C: This transformer design utilizes piecepart construction and is designed for use in a 
fully· resonant converter ope"rating at 20 MHz. Piece part construction is a variation of 
the concentric winding construction technique using strip conductors in place of 
round conductors. 
6 
The purpose of these comparisons ia to illustrate trends and limitatiooa in transformer parasitic 
values and to illustrate the effect of parasitic values on the perf ormancc of transformers in 
different circuit topologies. 
The goal of this thesis is to develop an understanding of the physical con.sequences and limitations 
of the values associated with the parasitic elements of the transformer model. This understanding 
is necessary since applications of power processing equipment require that this equipment become 
smaller and more reliable. Effective transformer design has a direct impact on meeting these 
requirements since magnetic components typically consume 30% of the volume of a high density 
power supply and non-ideal voltage and current waveforms result from the parasitic networks 
surrounding the ideally coupled coils of power transformers. 
7 
2 TRANSFORMER EQUWALENTCTRCUIT MODEI_IING 
21 Parasilic Circuit Model 
The distributed parasitics of a power transformer arc genera
lly treated as discrete element& as 
shown by the equivalent circuit of rigure 1. A brief description
 of each of the elementJ shown in 
this figure is as follows: 
LPP :· Primary side parallel inductance 
Lsp: Secondary side parallel inductance 
RPI': P_rimary side parallel resistance ( core loss. resistance) 
Rsp: Secondary side parallel resistance (core loss resistance) 
Lps: Primacy side series inductance (leakage inductance) 
Lss: Secondary side series inductance (leakage inductance) 
Rps: Primary side series resistance 
Rss: Secondary side series resistance 
CP: Primary side shunt capacitance 
Cs: Secondary side shunt capacitance 
Note that primary side parallel inductance and secondary sid
e parallel inductance are not modelled 
simultaneously as parasitics. Either of these inductances ma
y be used in a PSpice model to obtain 
the proper turns ratio between the primary and secondary
 windings. Recent versions of PSpice 
allow for the coupling between windings to be specified by 
turns rather than by self inductance of 
the individual windings. Simulations of circuit operation usu
ally assume that the excitation current 
due to the parasitic shunt inductance is only flowing in the p
rimary winding. Secondary side 
parallel inductance is indicated in this model since : 
A. it is measured in practice to distinguish between primary 
and secondary side leakage 
inductances, 
8 
B. certain circuit topologies, such as the flyback, require current Dow in the primary and 
secondary during alternative portions of the switch~ng cycle. 
Primary side parallel resistance and secondary &idc parallel resistance are not modelled 
simultaneously for the same reasons. 
An alternative method to discretely modelling the parasitic shunt inductance& and resistance
 due to 
the transformer's imperfect magnetic core is to model the magnetic characteristia of the 
transformer core via the Jiles-Atherton model. This model will be compared to its discrete 
counterpart after the discrete model is fully discussed. 
The resistive elements need to be computed in. order to accurately determine the 
thermal 
characteristics of the transformer under load conditions. 
22 Open Circuit Inductance 
The IEEE dictionary defines inductance as "that pi:operty of an electric circuit by virtue of 
which a 
varying current induces an electromotive force in that circuit or in a neighboring circuit". 
This definition of inductance describes the voltage. and current relationship between the w
indin~ 
of a given transformer. This definition of inductance applies to the modelling of prim
ary and. 
secondary open circuit. inductances for transformers used in flyback circuits. In the 
flyback 
topology, energy is stored in the inductance of the primary winding during one half of the sw
itching 
cycle, and energy is delivered from the inductance of the secondary winding to the load during the 
alternative half cycle. However, for most power tnun topologies the open circuit inductanc
e of the 
transformer's primary winding can be viewed as a parasitic current path in parallel' with the
 ideally 
coupled coils of the transformer. 
For most switchmode circuit topologies, the ideal transformer primary should have infinit
e shunt 
inductance. This would eliminate the parasitic current due to this component. This parasitic current 
9 
Dows in addition to the load current through the awitcbiog devices and current
 sco&ing devices. 
Additional current flow through the switching devices increases the lo&.sca in th
ese components. 
Variation in the magnitude of the parasitic current due to the shunt inductance t
hrough the current 
sensing device will vary the load current condition that trips the overload protectio
n circuitry. The 
tradeoff between transformer size and switching device size typically requires tha
t a transformer's 
open circuit inductance limit the magnitude of the parasitic current to some nom
inal percentage of 
the magnitude of the worst case load current. 
The magnitude of parasitic current flow through the primary winding's open circ
uit inductance is 
given by equation (2.2.l). 
I - Vmid 
PP - 2 Lpp f 
(2.2.1) 
/Pl': Peak parasitic current thru primary winding (A) 
Vavg: Averag~ voltage across primary winding during excitation period (V) 
d: Ratio of primary excitation period to switching period 
Lpp: Inductance of primary winding (H) 
/: Switching frequency (Hz) 
It is quite evident from equ·ation (2.2.i), that for a given input voltage and "load current,
 the 
minimum inductance required to limit the pa'rasitic current to a desired value d
ecreases linearly as 
the switching frequency increases. 
Fmite values of ·open circuit inductance are a consequence of the fact that the
 physical size of a 
transformer is not unlimited and practical _magnetic cores do not exhibit
 infinite magnetic 
per~eability. For most high frequency power transformer applications, the
 magnetic core is 
composed of two separate ferrite pieces that are placed around the coil. The
 geometry of these 
individual pieces may be described as E, ETD, RM, POT, OD, etc. The open circuit 
inductance 
(Lw) of the transformer's primary· winding is a function of the number of primary turns as we
ll as 
10 
the geometry and magnetic amplitude permeability of the magnetic core set u indicated in 
equation (2.2.2). 
4 ~ N12
 A. 10-9 
,. 
I+-
1 µ,, 
LPP: Primary side parallel inductance (H) 
NP: Primary winding turns 
At: Magnetic core's effective cross sectional area (cm 
2) 
11: Magnetic circuit's effective air gap (cm). 
It: Magnetic core's effective path length (cm) 
µ0 : Magnetic material's amplitude permeability 
(2.2.2) 
The inductance calculated by equation (2.2.2) is valid for any winding on the given transf onner 
provided that the appropriate number of winding turns (Nw) is substituted for the number of 
primary turns (Np). 
The effective air gap is used in equation (2.2.2) in lieu of the physical air gap. A physical air gap 
may be introduced into the magnetic circuit by recessing the center leg of one or both of the
 core 
halves or ~y placing separators between the center and outside legs of the individual core halv
es. 
Also, there will always be some inherent air gap introduced by the mating of two core halves. This 
inherent air gap is due to imperfections in the core mating surfaces. The magnitude of this air gap 
is dependent on the amount of polishing performed on the mating surfaces. Standard · mating 
surface finishes result in an apparent air gap of approximately 500 to l(XX) microns. Mirror finishes 
can be achieved that result in an apparent air gap of 12.5 microns. 
Since most magnetic core structures have inherent air gaps and non-uniform cross sectional ·areas 
throughout the magnetic path, transformer cores are generally characterired by inductance index 
(AL) rather than by permeability. The permeability of the magnetic material would be different in 
11 
various sections of the core due to different flux dcn&itiu. Also the effective air gap at the mating 
surf aces cannot be determined precisely and can only be estimated. This air gap effects the 
residual flux density as well as the calculation of the magnetic material's amplitude permeability. 
The inductance index is the inductance of a one tum winding on a given core structure for a given 
set of excitation conditions. The dimensions of inductance index are given in inductance unit per 
tum squared, for example, ~ . The inductance index provides a means for the magnetic designer 
to determine the open circuit inductance of a particular winding of N. turns on a specified core 
structure. The inductance of a winding can be calculated using ~quation (2.23). 
L = N~ AL (2.23) 
Quality conformance testing performed on ferrite cores is generally performed at low levels of 
bipolar excitation, typically at a flux density of 50 gauss or less. This value of inductance index may 
not. be representative of the core's inductance index under actual operating conditions. A magnetic 
material's amplitude permeability is a function of dynamic flux density, quiescent flux density, 
temperature and frequency. Figures 2 and 3 indicate that the amplitude permeability of a MgZn 
ferrite material such as TDK's PC40 is a strong function of dynamic flux density and temperature. 
The permeability of most MgZn ferrite materials remains constant over their useful frequency 
range. This phenomenon is indicated in Figure 4. The practical flux density due to core loss 
considerations generally prohibits the use of MgZn ferrite above the corner frequency at which 
their magnetic permeability begins to roll-off. This is in contrast to the design practice used with 
nickel steel alloy cores. As shown in Figure 4, the effective permeability of nickel steel alloys is 
decreasing with increasing frequency even at frequencies well below 1 kHz. In this case the 
materials' magnetic permeability is not decreasing, but the amount of magnetic material being used 
is decreasing. The effective cross sectional area of the magnetic material being used is limited by 
the skin depth phenomena. Also shown in Figure 4 are the permeability versus frequency 
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characteristia of a typical Nickel Zinc (NiZn) ferrite and a Carbo
nyl SP powdered iron. These 
materials have much higher roll-off frequencies th.an the
 MgZn ferrite materials. Thia higher roll-
off frequency is at the expense of much lower permeability
 values. 
The transformer primary indud.ancc can be desens.itiz
ed to the value of the core material's 
I 
amplitude permeability by introducing an air gap with a 
reluctance ( ...1.) much larger than the A, 
I 
reluctance ( ' ) of the magnetic core. The introduction of an ai
r gap also lowers the residual 
µaA, 
flux density Br of the magnetic core structure. This allow
s for larger flux swing capability during 
unipolar excitation conditions prior to the occurrence of
 saturation characteristics. 
221 Bipolar and Unipolar Hysteresis Loops. The eq
uivalent circuit parasitics Lpp and Rpp are 
strongly dependent on the magnetic characteristics o
f the transformer core. These magnetic 
characteristics are determined by the different minor hy
steresis loops caused by various excitation 
conditions. Minor hysteresis loops of the same magnitu
de may have different shapes due to their 
relative position within the major hysteresis loop. 
The distinction between bipolar and unipolar excitati
on will now be presented. Under bipolar 
drive, excitation current is both positive and negative 
with respect to transformer dots during 
alternative half cycles. A typical bipolar converter c
ircµit, along with associated voltage and 
current waveforms, is shown in ·rigure 5. Under unipolar dr
ive, excitation current is constrained to 
be of one polarity with respect to transformer dots. Gen
erally these circuits store excitation energy 
in the inductance of the transformer's primary during th
e· "on" _period and then allow the -stored 
energy to be dissipated into a clamp circuit during the "
ofr period. The current in the clamp 
winding during the "ofr period is of the same polarity w
ith respect to the transformer's dots as is 
the current in the primary winding during the "on" p
eriod. The difference between these two 
currents is that the primary current has a positive slope
 whereas the clamp winding current has a 
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negative slope. A typical unipolar converter circuit along with associated voltage and current 
waveforms is shown in Figure 6. 
Due to the inherent difference& in bipolar and unipolar excitation, it would be expected that the 
minor hysteresis loops traversed with each type of excitation would be different. The hysteresis 
loop of a material is generally displayed on a B-H axis. B represents flux density and ii associated 
with the volt second product applied lo a transformer winding and H repraents oerstcd drive level 
and is associated with the ampere twu level developed in a transformer winding. 
For any form of excitation, the change in flux density is given by equation (2.2.1.1) in the ~ 
system of units. 
t::J3 = Eavr fl T 1a8 
N.,., Ae 
/lB: Flux density swing (gauss) 
Nw: Excitation winding turns 
At!: Magnetic core's effective cross sectional area (cm 2) 
/lT: Time interval during which flux is changing (s) 
Eavg: Average voltage applied to winding during interval llT (V ""') 
·The dt;ive level H is given by equation (2.2.1.2). 
H: Drive level ( Oe) 
N.,.,: Excitation winding turns 
Nw I 
H = 0.41r --
It! 
le: Magnetic core's effective path length (cm) 
/: Current flow in excitation winding (A ) . 
(2.2.1.1) 
(2.2.1.2) 
For bipolar excitation, the flux density swing is generally centered around the origin of the B-H 
axis. The peak flux density B, is one half. of the flux density swing llB. Since the transformer 
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winding has both positive and negative ampere turns, all four quadranu of the B-H axis arc 
transversed by the hysteresis loop. A typical bipolar minor hysteresis loop is shown within the 
material's major hysteresis loop in f'igure 7. Referring to Figure 7, the point at which the major 
hysteresis loop intersects the B am is known as the residual flux density or remanencc B,. The 
value of a core's residual flux density is very important in determining the core's unipolar 
characteristics. 
For unipolar excitation, the flux density swings from the residual flux density to some specified 
peak value and then returns to the residual flux density during one cycle of operation. Since the 
transformer ampere turns are constrained lo be of one polarity, the minor loop transversed under 
unipolar excitation cannot cross the B axis and thus is limited lo one quadrant of the 8-H axis. A 
typical unipolar minor hysteresis loop is shown within the material's major hysteresis loop in 
rigure 8 .. It should be pointed out that a virgin core with no magnetic history would not have a 
value of B, as shown in Figure 8. With no previous magnetic history, the residual flux density is 
located at the origin of the B-H axis. So for initial low level unipolar excitations the point to which 
flux density swings initiate and terminate on the B axis will lie somewhere between .the origin and 
B,. As the level of excitations increase the minor hysteresis loops will eventually initiate and 
terminate at B, , unless the core is demagnetized. A core is demagnetized or neutralired .by 
exciting it with a saturating bipolar flux swing ·and then slowly. reducing the flux ·swing to rero. 
Since the minor hysteresis loops for unipolar. and bipolar excitation are located in different 
portions of the major hysteresis loop, it is suspected that various magnetic characteristics would be 
different for the two types of excitation. The magnetic amplitude permeability is the end to end 
slope of the minor hysteresis loop. Amplitude permeability is given by equation (2.2.13). t:JJ and 
t:J/ are clearly defined in Figure· 9. 
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(2.213) 
From Figure 9 it is evident that the &lope of minor loopa will increase u the flux swinp incrca.sc 
from i.ero to a value that results in an instantaneous peak flux density value that is near the knee 
of the major hysteresis loop. ~ the flux s~ inacase such that the maximum instantaneous 
value of flux density is above the knee of the hysteresis, the end to end alope of the minor loop 
begins to decrease. This is the phenomenon that explains the maxima that occurs between 2iXXl 
and 3(XX) gauss for all published bipolar µA versus maximum flux density BP curves for MgZn 
ferrite materials. This phenomenon holds true for unipolar µA versus tJJ curves, except that the 
slope increase is much smaller due to the offset operation within the major hysteresis loop. 
Typical methods for testing amplitude permeability and inductance index will now be ~-
Amplitude permeability is typically limited to data obtained from testing performed on toroidal 
cores. This structure av~ids the problems associated with inherent air gaps and non-uniform cross 
sectional areas. Inductance index testing can be performed on any core structure. It can be pre-
calculated using equation (2.2.2) and using amplitude permeability data obtained from toroidal 
samples and estimates· of the effective air gap. 
2.2.2 Bipolar Excitation Inductance Index A circuit that is used to measure inductance index and 
core loss as well as record major and minor hysteresis loops under bipolar excitation is shown in 
Figure 10. This circuit utilizes a sinusoidal excitation voltage. Typical current and voitage 
waveforms for samples exhibiting a no·n-linear inductance characteristic are shown in Figure 11. A 
non-linear inductance characteristic is associated with ungapped cores and core structures for 
which the reluctance of the effective air gap is smaller than or approximately the same as· the 
reluctance of the magnetic core. Typical current and voltage waveforms for samples exhibiting a 
linear inductance characteristic are shown in Figure 12. A linear inductance characteristic is 
associated with gapped core for which the. reluctance of the effective air gap 
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ii much larger than the reludaocc of the magnetic core. 
This circuit is used in conjunction with a test coil to excite the sample core. The te
at coil is 
composed of two windings of equal turns and are interleaved with o
ne another. One winding is 
ref erred to as the excitation winding and the other winding is referred 
to as the sense winding. 
The voltage actually impressed across the excitation winding can 
be monitored by the sense 
winding. Each test coil is tailored to the particular core structure to be
 characterized. The test 
coils are designed in such a manner to minimize the following: 
1. shunt capacitance, to avoid resonant effects at the test frequency, 
2. leakage inductance, so that the sense winding will accurately refle
ct the voltage applied to the 
ideal turns on the excitation winding, 
3. winding resistance, so that the los.ses of the sample under test will be 
predominantly those of 
the magnetic core. 
The matching transformer is required to match the expected input im
pedance of the sample under 
test to the output impedance of the power amplifier. A step down tran
sformer may be required if: 
1. the input impedance of the sample requires a current greater th
an the output rating of the 
power amplifier, 
2 the rate of current change : required by the sample as it enter
s its saturation region i.s 
greater than the slew rate of the amplifier. 
A step up transformer may be required if the voltage required to exc
ite the sample at the desired 
level is greater than the output voltage .rating of the amplifier. 
For any excitation condition, the inductance of a magnetic componen
t is defmed .by the relationship 
between current and voltage waveforms indicated in equation (2.2.2.1). 
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(/ E (t')dl) 
Lx= ----/;Js 
(2.2.21) 
Lx: Inductance of excitation winding (H) 
E (t): Time function of voltage across sense winding for half c
ycle (V) 
Alx: Peak to peak current swing in excitation windin
g (A ) 
Clearly the circuit depicted in rigurc 10 allows for mea
surement of all the par am et en required by 
equation (2.2.2.1). Since inductance index is related to induct
ance as indicated in equation (2.2.3), 
this circuit can be used in conjunction with a Tektronix 7854 oscilloscop
e and the program shown 
in Appendix A to determine the inductanceindex of a m
agnetic core structure. 
The peak flux density for the excitation condition is give
n by equation (2..2.2.i). 
B = o.s• <f E (t}dl) 
P NA s t 
(2.2.2.2) 
BP: Peak flux density (gauss) 
E (t): Time function of voltage across sense winding (V) 
N1 : Sense winding turns 
At·: Magnetic core's effective cross sectional ar
ea (cm 2 ) 
A linear inductance characteristic is a special case of a non
-linear inductance charactenstic. If the 
current and voltage waveforms are undistorted sine w
aves, equation (2.2.2.1) can be reduced to 
equation (2.2.2.3) and equation (2.2.2.2) can be reduced to equation 
(2.2.2.4). 
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Lx: 
/: 
Ix: 
/: 
A~: 
v,.,.., 
Lx = ---2 .. f ls 
Inductance of excitation winding (H) 
Voltage across sense winding (V ,,..,) 
Test signal frequency (Hz) 
Current in excitation winding (A_,) 
v.,... lo' 
BP= 4.44 f N, A, 
Peak flux density (gauss) 
Voltage across sense winding (V nns) 
T:est signal frequency (Hz) 
Sense winding turns 
Magnetic core's effective cross sectional area (cm 2) 
i ' 
(22.23) 
(2.214) 
For the linear case the inductance index onl_y requires the use of true rms meters or average 
responding calibrated rms for sine waves meters in place of oscilloscope channels 1 and 2 in rigure 
10. 
rigure 13 displays the inductance index of a low profile RMlO core as a function of peak flux 
density for various temperatures between 25 °C and 125 °C. The curves of this figure indicate that 
the inductance index values are constrained by the hysteresis loop of the ferrite material. For a 
given temperature the inductance index value increases with increasing flux density until some 
maximum value occurs. This maximum value occurs at the knee of the hysteresis loop. As the flux 
density is increased further the apparent inductance index begins to decrease as the magnetic 
permeability begins to exhibit saturation effects. 
Yagure 14 displays the inductance index of a low profile RMlO core as,;,~ function of temperature 
.. 
\ 
for various peak flux densities. These curves indicate that at low values of flux density 
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swing. the inductance index follows the change in the ferrite material'& ioilial permeability as a 
function of temperature. At the higher flux densities the inductance index decreases with increasing 
flux density due to decreasing saturation flux densities with increasing temperature of the ferrite 
material. 
A Tektronix 7854 oscilloscope can utilize the program shown in Appendix B in conjunction with 
this circuit to provide a trace of a bipolar hysteresis loop on an oscilloscope screen. Some bipolar 
hysteresis loops at the same temperature and frequency for a low profile RMlO core arc shown in 
Fagure 15 at various excitation levels. It is observed from this figure that the minor hysteresis 
loops are constrained to fit within the major hysteresis loops. Some bipolar hysteresis loops at the 
same frequency and excitation level for a low profile RMlO core are shown in Figure 16 at various 
temperatures. It is observed from this figure that saturation flux densities do indeed decrease with 
increasing temperature. 
This circuit can also be used to determine core loss; however, this procedure will be discussed in 
the shunt resistance section of this thesis. 
223 Unipolar E.xcitaJion Inductance Index A circuit that is used to measure inductance index and 
core loss as well as record minor hysteresis loops under unipolar excitation conditions is shown in 
Figure 17. This circuit operates in a flyback fashion without a load or clamp circuit to which 
excitation energy can be transferred during the "off period". Instead, excitation energy is returned 
to the input capacitor during the "off period" of each cycle. The ~ociated current and voltage 
waveforms for this circuit are shown in Figure 18. 
This circuit is used in conjunction with a test coil to excite the sample core. The test coil ·is 
composed of three windings that are of equal turns and ate interleaved with one another. One 
winding will be referred to as the set win din& the second winding will be ref erred to as the reset 
windin~ and the third ·winding is referred to as the sense winding. The voltage actually impressed 
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Bm = 3000 Gauss Major Hystersis Loop 
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FIGURE 15 Bipolar Hysteresis Loops at Various Excitation Levels 
32 
B m = 3(XX) Gauss TEMP = 25°C Em = 3(XX) Gauss TEMP = 75°C 
B: 1520 Gauss/div H: 0.49 Oe/div E: 950 Gauss/div H: 1.18 De/div 
Em = 2600 Gauss TEMP = II0°C 
B : 990 Gauss/ div H: 2.6 Oe / div 
FIGURE 16 Bipolar Hysteresis Loops at Vario~ Temparaures 
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,. 
acr06S the set and reset windings during their respective conduction periods can be monitored by 
the sense winding. Each test coil is tailored to the particular core structure to be characterized. 
The lest coils are designed in such a manner u to minimize shunt capacitance and leakage 
inductance. 
The flyback mechanism of this circuit is briefly described as follows. The ·set period' is that period 
for which the Q 1 is turned on and cw-rent flows through the set winding. During the set period the 
voltage of capacitor C 1 is placed across the set winding. Current cannot flow through the reset 
winding during the set period since the diode D 1 is reverse biased. The reset period is that 
interval of the cycle in which the Q 1 is .turned off and can no longer conduct current. The energy 
that was stored in the set winding's inductance during the set period cannot decay through the set 
winding during the reset period since the conduction path is open. The energy must decay through 
the reset winding. In order to facilitate this, the voltage gradient across each winding must reverse. 
With a reversed winding voltage gradient, diode D 1 is forward biased thus allowing current to flow 
in the reset winding. A ferrite bead in series with the reset winding is used to suppress parasitic 
effects as energy is transferred from the set to the reset winding. 
Th~ input capacitor C 1 is maintained at the output voltage of the input d.c. power supply. During 
the set period the capacitor voltage is placed across the series combination of the Q 1, current 
measuring resistor and the set winding. The voltage induced across the set winding during this 
time interval becomes the d.c. power supply voltage less the voltage drops ·across the various circuit 
elements as shown in equation (2.2.3.1). 
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V., = Vc1.c. - /Ml (R.o,. + R1 + R1tt) (2.23.1) 
V Ml: Average voltage across set winding during set period (V) 
Vd.c.: D.C. power supply voltage (V) 
I,e1: Average current thru set winding during set period (A) 
Rc1on: Dynamic resistance of Q 1 (0) 
R 1: Resistance of current measuring resistor (0) 
R,e1: Resistance of set winding (0) 
Since the current waveform during the set period interval is a triangular ramp the average current 
would be one-half of the peak value. 
The. current flowing through. the set winding is monit9red by the current measuring resistor R 1 and 
is governed by equation (2.2.3.2). 
(2.23.2) 
Average voltage across set winding during set period (V) 
Peak current thru set winding current (A ) 
Set period interval (s) 
Inductance of set win.ding (H). 
The term V ,e1 can be replaced by Vd.c. if the four resistive terms shown in ·equation (2.2.3.1) are 
negligible compared to the open circuit impedance of the set winding. 
As stated earlier, current cannot flow through the set winding during the reset period. The flyback 
mechanism allows current to flow through the reset winding during this time interval. During the 
·set period cµrrent flows into the dotted end of the set winding and increases in magnitude with 
time whereas during the reset period current flows into the dotted end of the reset winding and 
decrease& in D)agnitude with tim~~ In this manner current polarity is always the same with respect 
to the winding dots. 
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Due to the circuit topology, the voltage impres.sed acrosa the set winding dwing the Id period is 
not the same as the voltage induced across the reset winding during the react period. The voltage 
induced in the reset winding during the reset period is given by equation (22.33). 
V 1at1 = -(Vctc. + Vd - /1at1 R,rMI - /rad R2) (2.233) 
V~: Average voltage across reset winding during reset period (V) 
Vctc.: D.C. power supply voltage (V) 
Vd: Voltage drop across diode dwing reset period (V) 
/l'rMI: Average current thru reset winding during reset period (A) 
Rl'Od: Resistance of reset winding (0) 
R 2: Resistance of current measuring resistor (fl) 
As indicated by equation (2.2.33) the diode voltage adds to the d:c. power supply voltage in the 
resetting of the core. For this reason the reset voltage will always be slightly greater than the set 
voltage, thus causing the core to be· reset at a Caster ·rate than that at which it is set. 
If the series impedance of the reset winding's resistance and the current measuring resistance is 
negligible compared to the open circuit impedance of the reset winding, then the current decay is 
governed by equation (2.2.3.4). 
.V ,rse1: 
Al reset : 
V ~ fl. T raet 
Mre.se1 = - ----
L~ 
Average voltage across reset winding during reset period (V) 
f eak current thru reset winding current (A) 
Reset period interval (s) 
.Inductance of reset winding (H) 
(2.2.3.4) 
In order to ensure a true unipolar test condition for which the minor hysteresis loop begins and 
terminates at the residual flux density, the volt seconds exciting the core dwing the set and reset 
periods must be equal· or nearly equal and opposite for windings constructed of equal amount of 
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tum&. Also for the test condition to be related to a specific frequency of operation the ratca of flux 
change dwing the set and reset periods should be equal or nearly equal. The optimum test 
condition would occur when the set and reset voltages are equal as well as the set and reset times. 
Equations (2.23.1) and (2.233) indicate that these voltages will not be necessarily equal, but in 
most cases will be different. For larger magnitudes of test voltages the two voltages will become 
approximately equal so the rates of flux change would be nearly equal. In order to ensure equal 
volt second products driving the core during both intervals, the set period must be greater than the 
reset period as shown in equation (2.2.3.5). 
(2.23.5) 
It must be _pointed out that equation (2.2.3.5) is valid only in those instances for which the set and 
reset windings have an equal amount of turns. 
If the set volt second product is greater than the reset volt second. product then premature 
saturation effects may appear. Saturation effects would be ·exhibited at lower AB values than 
expected since the· minor hysteresis loop would begin and terminate at some flux density value 
greater than ·the residual .flux density value. With the set. volt second product greater than the reset 
volt second .product there would be an energy storage in the core affecting inductance index and 
core loss measurements. 
If the reset volt second product is greater than .the set volt second product then -it becomes possible 
for the core to reset into the fourth quadrant of the B-H axis. This conditions allows for the test 
coil's shunt capacitance to oscillate with either winding's open circuit ·inductance thus providing a 
conduction path for current of opposite polarity. Allowing the minor hysteresis loop to enter the 
fourth quadrant would give the core the appe~rance of substaining greater values of t:JJ prior to 
exhibiting saturation effects. 
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A &ignal generator is used to control the pulse repetition rate as well u the pulse width&. Sinc:c the 
circuit is capable of providing variable test voltages it is necessary to be capable of providing a 
variable pulse width to pulse period ratio. The pulse width to pulse period ratio required to 
maintain equal volt second products for the set and reset periods will vary with the magnitude of 
- the lest voltages. 
The output of the signal generator is fed to a comparator on IC 1. The comparator in turn provides 
the necem.ry drive to turn the Q 1 on and off. The symmetry control of the signal generator must 
be adjusted such that current flow in the test circuit is on the border of the continuous and 
discontinuous modes. If the symmetry control of the signal generator is adjusted such that the set 
period volt second prod ud is greater than the reset period volt second product then the current 
will not start at the zero ampere level in the set winding. The associated current and voltage 
waveforms for this condition are shown in Figure 19. This figure indicates that for this condition 
there is a net ampere turn level for each cycle, thus, energy must be stored in the rore. If the 
symmetry control of the signal generator is adjusted such that the reset period .volt second product 
is greater than the set period volt second product then an oscillation is observed prior to the 
triangular current ramp as shown in Figure 2ff this oscillation indicates that there is an energy 
transfer between the circuit parasitics, and quite possibly the core is being reset into the fourth 
quadrant of the B-H axis. 
This circuit can be used to determine inductance index. The concept of inductance index has 
previously been defined in equation (2.2.3). This inductance index is generally related to some 
level of bipolar excitation. For the purposes of differentiating between bipolar and unipolar testing, 
a new term known as the unipolar pulsed inductance index (ALP) will be defined. ALP is the 
inductance index under unipolar pulsed excitation conditions. The effective inductance for a 
winding of a particul¥ core structure is related to this inductance index as inductance was related 
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FIC,URE 19 Unipolar Waveforms Indicating Energy Storage in Magnetic Core 
FIGURE 20 Unipolar Waveforms Indicating Fourth Quadrant Entrance 
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to the inductance index in equation (2.23). 
Substituting Au for AL in equation (2.2.3) and manipulating equation& (2.2.2) and (2.23.2) an 
expression for the unipolar pulsed inductance index can be derived as shown in equation (2.23.6). 
Vdc. !:AT Ml 
A - ----
1.J' - Nl l::JMI (2.23.6) 
Equation (2.2.3.6) relates the unipolar pulsed inductance index to the circuitJ wavcf orm 
parameters. With the test voltage and pulse width preset by the user the inductance index is 
inversely proportional to the measured value of peak current flowing through the current 
measuring resistor. 
This circuit utiliz.es the current and voltage waveform parameters to determme the unipolar pulsed 
inductance index. The voltage aero~ the sense winding, which is the same as the voltage induced in 
the set winding, is integrated with respect to time during the set period. This integral is 
subsequently divided by the ~quare of the number of set winding turns and the magnitude of the 
change in current during this time interval. These operations can be performed by a Tektronix 
7854 oscilloscope with the pr~am shown in Appendix C. 
Figure 21 displays the inductance index of a low profile RM 10 core as a function of flux density 
swing.s for various temperatures between 25 °C and 125 °C. The curves of this figure indicate that 
the inductance index values are constrained by the hysteresis loop of the ferrite material. For a 
given temperature the inductance index value increases with increasing flux density until some 
maximum value occurs. This maximum value occurs at the knee of the hysteresis loop. As the flux 
density is increased further, the apparent inductance index begins to decrease as the magnetic 
permeability begins to exhibit saturation effects. 
Figure 22 displays the inductance index of a low profile RMlO core as a function of temperature 
for various ·oux density swin~. This figure indicates that at low values of flux density 
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swing the inductance index follows the change in the ferrite material's initial permeab
ility as a 
function of temperature. At higher flux densities, the inductance index dcaeases with increa
sing 
flux density due to decreasing saturation flux densities with the increasing temperatu
re of the 
f crritc material. 
The current measuring resistors in series with both the set and reset windings allow the m
onitoring 
of all circuit current flow associated with the excitation of the sam pie core. Circuit curr
ent always 
flows in the same direction with respect to the polarity dots of each winding. If the curr
ent flow 
could be . reflected into the sense winding from the set and reset win din~ the resulting w
avef onn 
would be as shown in Figure 23. This type of waveform could be displayed on a du
al trace 
oscilloscope by subtracting the current waveform indicated by the current monitor. in s
eries with 
the reset winding from the current waveform indicated by the current monitor iri series with th
e set. 
winding. 
The "reflected current" in the sense winding is. always of the same polarity with resp
ect to the 
winding's dot; however, the voltage gradient across the sense winding is of opposite
 polarity during 
the set and reset periods. 
Since this circuit allows the monitoring of reflected voltages and current af all ins
tances of time 
during each cycle, the circuit can be used to display a unipolar hysteresis loop on an osc
illoscope 
screen. 
As stated previously, the hysteresis l~p is a plot of flux de~ity as a function of 
excitation drive. 
The hysteresis loops traversed by the test cores excited in. this .circuit are minor lo
ops constrained 
to one quadrant of the B-H coordinate axis. 
This circuit provides enough measurement data to determine the correct shape of
 the minor loop 
as well as the absolute values of excitation drive. However this circuit does not 
provide enough 
information to determine the absolute values of flux density corresponding to each excitat
ion drive 
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FIGURE 23 Unipolar "Reflected" Current In Sense Winding 
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level but only provides enough data to determine flux density valuca relative to an unknown 
residual flux density value. The residual flux density value must be determined separately using 
bipolar test measurements. The data provided by thia circuit is used lo determine Om density 
change (tJJ) , not flux density magnitude. 
The flux density change at any point in time during a cycle is given by equation (2.23.7). 
MJ (t): 
E (t): 
NS: 
llB (t) = (/ E (()di) 
N,A~ 
Instantaneous flux density change (gauss) 
Time function of voltage across sense winding (V) 
Sense winding turns 
Magnetic core's effective cross sectional area (cm 2) 
(2.23.7) 
The excitation drive level at any point in time during a given cycle is given by equation (2.23.8). 
N I(t) 
H(t) = 0.4 ,r - 1 -
It 
H (t): Instantaneous excitation drive level ( Oe) 
I (t): Time function of "reflected" current thru sense winding (A) 
N1 : Sense winding turns 
/t: Magnetic core's effective path length (cm) 
(2.23.8) 
A Tektronix 7854 oscilloscope- can utilize the program sho~ in Appendix D in conjunction with 
this circuit to provide a trace of the unipolar hysteresis loop on an oscilloscope screen. Some 
minor unipolar hysteresis loops at the same frequency and temperature for a low profile RMlO 
core at various -flux densities are shown in Figure 24. It is observed from this figure that the 
unipolar hysteresis loops are constrained by the major hysteresis loop. Some minor unipolar 
hysteresis loops at the same frequency and excitation level for a low profile RMlO core at various 
temperatures are shown in Figure 25. It is observed from this figure that the saturation flux 
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FIGURE 24 Unipolar Hysteresis Loops at Various Excitation Levels 
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FIGURE 25 Unipolar Hysteresis Loops at Various Temparaures 
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dco&ity of the ferrite material i., dccrcuing with inaeuing temperature. 
Th.is circuit can also be used to determine core loss; however, this procedure will be diaal&IC'd in 
the shunt resistance section of this thesis. 
224 Bipolar/Unipolar Correlalion In trying to establish linear models and common ferrite core 
specifications, it is advantageous to develop simple relationships bctwccn the various types of 
excitation. 
A comparison of the bipolar hysteresis loops shown in rigure 15 and the unipolar hysteresis loops 
of Figure 24 indicated that both sets of minor loops are constrained by the major hysteresis loop. 
A comparison of Figures 16 and 25 indicates that the saturation characteristics are tracking 
between the two excitation types if orie thinks in terms of peak flux density rather than flux density 
swing. 
A comparison of the bipolar inductance index curve of Figure 13 and the unipolar inductance index 
curve of Figure 21 indicates that the unipolar curve may actually be a subset of the bipolar curve. 
The two curves are shown on the same graph in Figure 26 In this figure the x-axis represents peak 
flux density for the bipolar inductance index curve and the x-axis represents flux density swing for 
the unipolar inductance index curve. The following observations can be made from Figure 26. 
1. Both of these curves intercept the y-axis at approximately 6 ;~. 
2. The ratio of the maximum inductance index value to the y-axis intercept value is 1.43 for the 
bipolar curve. This same ratio is 1.26 for the unipolar curve. However, the ratio of the 
maximum inductance index value on the bipolar curve to the value at the B, taken from 
Figure 15 is 1.23. 
3. The flux density swing ·range that corresponds to an identical value of AL at the y-axis 
intercept is 2600 ga~ on the unipolar curve. The change: in peak flux density that 
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corresponds to an identical value of AL at the level of B, is 2500 gaua&. 
4. It ~ppears that the portion of the bipolar curve beyond the B, has the same shape u the total 
unipolar curve. The unipolar curve appears to be an offset portion of the bipolar curve. 
These observations can be used to show a relationship between the bipolar and unipolar curves. 
The deletion of the bipolar curve between the y-axis and the B, value and its subsequent shifting 
downward and towards the y-axis is shown in Figure r,. 
This relationship between the bipolar and unipolar excitation curves is not totally uncxpccted since 
all minor hysteresis loops are constrained to be within the major hysteresis loop for a given 
magnetic material. 
Consider that at low excitation levels, regardless of excit~tion types, the excitation force require
d 
will be at the bound of the .hysteresis loop. As long as the ferrite material is operated within its 
linear region, this bound is relatively constant. This explains 'the phenomena that for both 
exci.tation types the low excitation inductance index is the same. 
Consider that the inductance index will increase with increasing flux density until some peak flux 
situated at the knee of the magnetic material's hysteresis loop. Both the bipolar and unipola
r 
curves have their maximum values at BP of 2500 gauss in Figure 27. For unbiased bipolar 
excitation the peak flux density in the magnetic core is given by equation (2.24.1). 
B _.!::JJ p- 2 
BP: Peak flux density (gauss) 
ll.B: Flux density swing (gauss) 
(2.2.4.1) 
For large signal unipolar excitation the peak flux density in the magnetic core is given by equation
 
(2.2.4.2). 
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The previous discussion indicates that unipolar inductance index values can be d
erived &om the 
major bipolar hysteresis loop and the bipolar induct3Dce ·index curve as a function of peak flux
 
density for a specific core. This may serve as a shortcut to determine unipolar
 inductance index 
values for a specific core, since instrumentation is more readily available to 
measure bipolar 
parameters than it is available to measure unipolar values. Use of this correlatio
n can also aid in 
validating unipolar measurements. 
23 Leakage Inductance 
Leakage inductan~ is that portion of a winding's self inductance that does 
not couple into another 
winding on the same magnetic core. Leakage inductance is generally modelle
d as a inductive 
component in series with each winding. 
Leakage inductance is a consequence of the fact that two separate isolated 
windings do not occupy 
the same physical space. Flux lines caused by load current flow in the primar
y winding are not 
completely cancelled by flux lines caused by load current flow in the secondary
 winding. This 
incomplete cancellation occurs at positions close to and within the wind
ings. The cancellation 
improves as the position under consideration is moved away from the windin
gs. 
Conventional transformer construction of concentrically positioned winding
s gives. rise to coil and 
core geometries, such that flux lines created by primary and secondary windings c
ompletely cancel 
within the magnetic core. For these designs leakage inductance is a functio
n of the coil geometry 
and is independent of the magnetic properties of the core. For this style of 
designs, the total 
leakage inductance of the primary winding with respect to a particular
 secondary winding is 
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generally calculated as shown in equation (2.3.1). 
(2.3.1) 
The coil dimensions used in this formula are shown more clearly in Figure 28. This formula can 
also be used to calculate leakage inductance of coils employing planar coostruct.ion or split section 
bobbins. The coil dimensions for these alternative constructions would then be interpreted 
as 
shown in Figures 29 and 30 respectively. 
Equation (23.1) does not explicitly show that leakage inductance is a function of frequency. In fad 
this equation can be considered the de leakage inductance since the derivation of this formula 
assumes the conductors' thicknesses are much smaller than a skin depth at the measureme
nt 
frequency. As the measurement or operating frequency increases such that the conducto
r 
thickness is greater than a skin depth, current will not be flowing uniformly throughout the 
conductor. The conductor thickness h,. indicated in equation (23.1) must change from the physical 
thickness to its effective thickness. The conductor's effective thickness is related to the skin depth. 
Since a conductor's skin depth decreases with frequency, leakage inductance should decrease wi
th 
frequency. This phenomena is illustrated in Figure 31. This figure displays the variation of leakage 
inductance with respect. to frequency for three different' winding geometries: 
A. interleaved conventional concentric, 
B. interleaved planar, 
C. interleaved piecepart concentric, 
For an interleaved design, current can flow on both sides of the conductor that is interleave
d 
between sections of the opposite winding. This ~ff ectively doubles the skin depth at a particular 
frequency. For this reason the leakage inductance for the planar design shown in Figure 31 
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rcmams constant well beyond the frequency at which the skin depth
 equals the conductor 
thickness. 
The leakage inductance given by thi6 formula doea not distinguish between
 primary side and 
secondary side leakage inductance&. A& equation (2.3.2) indica~es, it is the series combina
tion of 
the primary side leakage inductance and the turns squared reflected 
secondary side leakage 
inductance. 
(2.3.2) 
The test used to determine total leakage inductance of a transformer is to m
easure the inductance 
of the primary winding when the secondary winding is short circuited. Thi
s is ~enerally done with 
a signal frequency close to that of the operating frequency with a di
gital LCR meter. It is 
important that the real and imaginary parts of the short circuit be 
negligible compared to 
secondary side series resistance Ru and secondary side leakage inductan
ce Lss respectively. The 
impedances of the short circuit are in series with the secondary side ser
ies impedances and will 
affect the measurements accordingly; 
A more detailed procedure is required to distinguish between primary and
 secondary side leakage 
inductance. Three separate tests are required: 
A. inductance measurement (Ll) looking into the primary winding with the secondary win
ding 
open circuited, 
B. inductance measurement (L2) looking into the secondary winding with the primary w
inding 
open circuited, 
c~ inductance ineasurement (L3) looking into the _primary winding with the secondary w
inding 
short circuited. 
A schematic representation of the relevant equiyalent circuit mod~l for eac
h of these tests is shown 
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in Figure 32 For each of these measurements it is assumed that the imped
ance of the core losa 
resistance RPP is much larger than the impedance of the parallel primary 
inductance L,,. This 
assumption assures that resistive circuit elements do appear in the reactiv
e impedance term&. The 
secondary side parallel inductance L,, is related to the primary side 
parallel inductance as 
indi~ted in equation (2.3.3). 
(2.3.3) 
This procedure. requires that three unknowns be solved with the aid of thr
ee equations ._ indicated 
in the matrix equation (2.3.4). 
ll 
L2 -
L3 
1 
N 2 
J 
1 
0 
0 
1 
N 2 Lss 
0 1 :.:.L 
N, 
(2.3.4) 
This procedure is very difficult to implement accurately for transforme
rs designed for switching 
frequencies below 500 kHz. Transformers falling into this category generall
y have a (Lpp/L,.) ratio 
of greater than 100. The accuracy and resolution of commercially availa
ble LCR meters are not 
conducive to measuring values that are over two orders of magnitude ap
art. Hence, primary side 
leakage inductance and secondary side leakage inductance are generally
 approximated such that 
they contribute equally to total leakage inductance. This is a valid approx
imation since the leakage· 
inductance is created· by the coil geometry. 
The simplest PSpice model accounts for ·leakage inductance with a coe
fficient of coupling term 
which is greater than 0.999 in many cases. The relationship between the coef
ficient of coupling k 
and a tr~f ormer's parasitic inductances is given by equation (2.3.5). 
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FIGURE 32 EQUIVALENT CIRCUIT OF LEAKAGE· INDUCTANCE TEST 
L 
k = l- Id 
2L,,, 
k: Coefficient of coupling 
Lpp: Primary side parallel inductance (H) 
Lid: Total leakage inductance reflected to primary winding (H) 
(23.5) 
Using this simple model the following PSpice statements would be 
used to describe the 
transformer shown in Figure 33: 
Lpp 2 3 200 UH 
Lsp 4 6 5.56 UH 
Kf 4 Lpp Lsp .999 
However, this treatment of leakage inductance only considers it
s regulation effect. This 
consequence is of little importance, since regulation .of a transformer du
e to its leakage inductance 
is generally much less than 1 %, as a coupling c9efficient of greater than 0
.99 infers. 
The true value in accurately modelling leakage inductance is in its effe
ct upon the rise and fall 
times of the load current waveforms. Load current flowing through 
the primary winding of a 
transformer is also ·t1owing through the transistors in series with the tran
sformer. Fmite rise and 
fall times give rise to switching losses in the semiconductor switches. Ac
counting for primary side 
and secondary side leakage inductances, the following PSpice statements
 could be used to describe 
the transformer shown in Figure 33. 
Lps 1 2 0.25 UH 
Lss 4 5 0.00694 UH 
Lpp 2 3 200 UH 
Lsp 4 6 5.56 UH 
Kf4 Lpp Lsp .99999 
It is not necessary to distinguish between primary side and ·seco_ndary si
de leakage indu~ance for 
transformers used in non - resonant .cir.cuits switching below 500 kHz. 
For a first approximation 
the rise time of the load curr.ent can be estimated by using the total leakage
 inductance Lid of the 
.. 
primary winding. In this approximation the input voltage is placed solely
 across the leakage 
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inductance until the load current value is reached_. 
Empirically, there appears .to be a lower limit to the minimum total 
leakage inductance that can be 
achieved with conventional winding techniques. 15 nH per turn squ
ared appears to be the lower 
limit for total leakage inductance as observed from F'igure 31. 
This phenomenon is expected from 
equation (2.3.1). First, the number of transformer primary turns cannot be
 reduced below one. 
Secondly, there must always be some finite insulation thickness 
between the primary and ICCODdary 
windings. Frnally, decreased interface surfaces (MLT • D) , not increased inter
face surfaces, are 
consistent with a smaller transformer size. In addition to the l
imitations of equation (2.3.1), there 
will always be some series inductance associated with the pr
imary and secondary leads of the 
transf armer. 
Resonant-mode power topologies have been developed lo
 take advantage of the leakage 
inductance. Howevet these topologies may require that the 
leakage inductance be distributed 
unequally between the primary and secondary windings. This i
s difficult to achieve since leakage 
inductance that is a result of coil geometry is equally shared by 
the windings. Methods external to 
the coil must be used to offset .the balance of leakage inductanc
e. The construction of transformer 
C characterized in Figure 31 utilizes methods external to the
 coil to create leakage inductance. 
This transf armer is designed for a fully resonant converter ope
rating at 20MHz. The operation of 
this converter requires that the leakage inductance have sp
ecific values in the primary and 
secondary windings that do not necessarily equally distribute
 the leakage inductance. This is 
achieved by minimizing the leakage inductanc~ due to the w
inding geometry and developing a 
special magnetic core structure. The overall magnetic core allo
ws each wmding to be contained in 
a different core geometry than the other winding. The two .core
 geometries have common sections 
to provide coupling between the windings and have isolate
d sections· to provide inductance 
restricted to one winding. 
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24 Shunt Resistance 
The power loss associated with a magnetic core can be modelled a.s a re&istance R,,, in parallel 
with the open circuit inductance Lpp of the primary winding. The power loss in the magnetic core 
of a typical switchmode transformer is negligible with respect to the overall power lo6I of the 
switchmodc converter. Core loss is not directly critical in the determination of the circuit 
regulation but it is directly critical in the determination of the operating temperature of the ferrite 
material. The operating temperature of the ferrite must be controlled in order to avoid saturation 
effects in the parasitic Lw. As previously stated, parasitic current flow due to Lw aff eas the losses 
of the semiconductor devices. 
Core loss is determined by using empirically derived curves. Most ferrite core vendors publish 
power loss density curves for their various materials. Power loss density (PW) is given in units of 
mw These curves are of two typical forms formatted as follows. 
cm 3 · 
1. Power loss density as a function of peak flux density for given frequencies and temperature. 
An exam pie of this format is shown in Figure 34. 
2. Power loss density as a function of temperature for ·a given peak flux density and frequency. 
An example of this format is shown in Figure 35. 
Power loss density follows the function indicated by equation (2.4.1 ). The value of a is typically in 
the range 1.6 to 2.4 whereas the value of b is typically in the range 1.0 thru 2.4. The values a and b 
are specific to materials and may change as a function of frequency if the loss mechanisms 
radically change in different frequency bands. 
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The problems associated with the ·pw curves published by various ferrite manufacturers are as 
follows: 
1. the curves are limited to sinusoidal bipolar excitation conditions, 
2. the curves are based on data taken on. toroidal cores. 
The limitation of data to sinusoidal bipolar conditions does not constitute a major problem for the 
majority of ferrite core applications. For some magnetic materials, the shape of excitation as well 
as the frequency and amplitude determines the overall power loss. However these differences in 
power loss can be attributed to the loss mechanisms. Ferrite core losses are composed of three 
major components: hysteresis loss, eddy current loss and resonance loss. 
For frequencies below 100 kHz, ferrite core loss is dominated by hysteresis loss which is 
independent of excitation wave shape. As freq!lencies rise above 100 kHz, losses due to eddy 
current become significant .for the more mature varieties of MgZn ferrites. Eddy .current losses 
are not significant at fr~quencies below 500 kHz for some of the recently developed ferrite 
materials. The significance of eddy current losses becomes evident with an increase of the 
exponent b in equation (2.4.1). It has been shown fl) that for a given flux density at a given 
frequency, eddy current losses are 23% greater for sine waves than they are for square waves. In 
contrast, cores made from nickel steel alloys have significant eddy current loss for frequencies as 
low as 1 kHz and excitation wave shape affects core loss. Dimensional resonance losses are a 
result that high values of permeability and permittivity can give rise to standing waves within the 
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ferrite core. These standing waves will be established if one of the linear dimensions of the cross 
section of the core is less than a half wavelength. This half wavelength is greater than one 
centimeter up to a frequency of 1MHz for typical MgZn ferrite material&. Above 1 MHz, lower 
permeability NiZn f errites or powdered irons are typically used in power tr an.sf ormcn. Since the 
half wavelength is proportional to the square root of magnetic permeability, these materials have 
sign_ificantly higher half wavelengths for a given frequency. 
The techniques used to measure core loss cannot distinguish between the various loss mechanisms. 
Relative loss distributions are typically left to the ferrite manufacturer. The transformer designer 
is only concerned with the aggregate result. 
Since most ferrite core structures used in switchmode power supplies are on shapes that do not 
have constant cross sectional areas, such as the toroid, the peak flux density varies throughout the 
core as the cross sectional area varies. For this reason magnetic component designers prefer to 
generate their own power loss curves for specific magnetic cores. 
The power loss can be ·converted to the primary side parallel resistance Rpp using· equation (2.4.2). 
{2.4.2) 
Rpp: Primary side parallel resistance (0) 
V p,;: Peak voltage applied to primary winding (V) 
d: Ratio of primary conduction period of one polarity to total switching period 
Pc: Core loss (W) 
The value· of Rpp calculated from equation (2.4.2) is valid only for one operating condition since 
core ioss is a functio_n of flux density and frequency. ·The value of Rpp would be different for the 
low voltage line and high voltage line conditions. This is a consequence of the fact that the voltage 
term is squared and the duty cycle term is line_ar .in the determination of Rpp. 
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Since core loss is .calculated from empirically derived data, it is important to establish comistent 
and rele_vant procedures for its measurement. Methods of measuring core loss under sinusoidal
 
bipolar and rectangular unipolar conditions will now be presented. 
24.1 Bipolar Excitalion Losses As stated in section 2.2.2, the circuit indicated in Figure 10 can be 
used to determine the core loss of a particular structure. Power is the product of voltage and 
cw-rent as shown in equation (2.4.1.1). 
P = VI (24.1.1) 
During a given half cycle of voltage, current flows to and from the power amplifier into the sample
 
under test. For a complete cycle there is energy flow from the amplifier to the sample and from 
the ~ple .to the ~plifier. The difference between the energy delivered to the sample and the
 
energy returned to the amplifier by the sample is the energy lost in the core loss resistance. Since
 
this energy loss is associate~ with a specific interval of time, it can be converted lo power loss. A
 
Tektronix 7854 oscilloscope can use the program shown in Appendix E to determine the loss 
associated with a magnetic core excited by the circuit indicated by Figure 10. 
Figure 36 displays power loss of a low profile RMlO core as a function of peak flux density for 
several frequencies between .SO and 200 kHz. The curves on this graph are shown on a log-log axis 
to illustrate the exponential behavior previously indicated by equation (2.4.1) 
Figure 37 displays· power loss as a function of temperature for a given flux density for several
 
frequencies between 50 and 100 kHz. The curves of this figure indicate the optimum operating 
temperature for this ferrite material is between 80 °C and 100 °C. Operation above 100 °C can
 
create a thermal runaway ·condition if the ferrite loss. is the ·dominant loss in the transformer. 
2.4.2 Unipolar Excitation Losses As stated in section 2.23, the circuit indicated in Figure 17 can
 
be used to determine the core loss of a particular structure. If energy is delivered· from capacitor 
C 1 to the core during the set period and energy is returned to the capacitor C 1 fro
m the 
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core during the reset period then the difference between the transferred energies is the ene
rgy lost 
in the circuit. Since these energy transfers are associated with a specific interval of time, th
ey can 
be converted to power transfers. Power is the product of voltage and current as shown in equ
ation 
(2.4.1.1). 
During the set period when power is being delivered from the power supply to the inductance o
f 
the set winding, voltage and ·current are both positive reflected into the sense winding
 yielding a 
positive power product. During the reset period when power is being returned to the po
wer supply 
by the inductance of the reset winding, voltage and current are of opposite signs yielding
 a negative 
power product. When the power products of the individual periods are summed 
a negative 
quantity is added lo a larger positive quantity resulting in some finite positive sum. This 
sum is the 
power consumed by lhe magnetization of the test specimen. A Tektronix 78.54 oscilloscope
 can use 
the ·program shqwn in Appendix F to determine the loss associated with a magnetic core
 excited by 
the the circuit indicated by Figure 17. 
Figure 38 displays power loss of a low profile RMlO core as a function of flux density 
swing for 
frequencies of 60 and 100 kHz. The curves on this graph are shown on a log-log axis to i
llustrate 
the exponential behavior previously indicated by equation (2.4.1). 
Figure 39 displays power loss as a function of temperature for a given flux density sw
ing and a 
frequency of 60 kHz. The curves of this figure indicate that the optimum operating tem
perature 
for this ferrite material is between 80 °C and 100 °C .. Operation above 100 °C can create 
a thermal 
runaway condition if the ferrite loss is the dominant loss. 
For a simpler form of the core loss ·determination consider that the losses of this circuit 
are of two 
types, the first being that loss associated with the sample core under test and the second
 being the 
losses associated with the circuit elements· other than the core. 
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The circuit element losses include the / 2 R losses associated with the capacitor C 1 's ear, the Id and 
reset winding resistances, the resistances of the current monitoring resistors and the Q 1 'a dynamic 
resistance. In determining the / 2 R losses, the average value of cWTcnt flowing through each 
particular circuit element for the entire cycle should be used. If the set and reset periods are 
nearly equal and the current waveform is a triangular ramp in each winding then the average 
current is one-fourth of the peak value of current in each winding. Other circuit clement losses 
include the VI loss of diode d 1 , the switching losses of Q 1 and the ferrite bead. 
The total losses associated with this circuit are .shown in equation (2.4.2.2). 
P,: 
Iavgrese,: 
Rdon: 
Re 1: 
Rrese,: 
Total circuit power loss (W) 
Magnetic core power lo~ (W) 
Ferrite bead power loss (W) 
Switching loss of Q 1 (W) 
Average current in set winding (A) 
Average current in reset winding (A ) 
Dynam_ic resistance of Q 1 (0) 
esr of C1 (0) 
Resistance of current. monitor in series with set winding (0) 
Resistance of current monitor in series with reset winding (0) 
Resistance of set winding (0) 
Resistance of reset winding· (0) 
Voltage drop across· diode during reset period (V) 
The power required to maintain capacitor C 1 at the input d.c. power supply voltage is equivalent 
to the power that is not returned to the capacitor from the core, or in other words, the power loss 
77 
of the circuit. The total loss is simply the d.c. power supply voltage multipli
ed by the d.c current 
flowing from the d.c. power supply to the capacitor C 1• 
The circuit elements should be chosen such that their losses are negligible
 com pared to the core 
loss of the sam·ple under test. If this condition is true, then the core loss is e
quivalent to the input 
power to the circuit. 
24.3 Bipolar/Unipolar Corre/aiion As previously stated for the determ
ination of the parasitic 
element Lpp, it is advantageous to develop simple relationships between var
ious types ol cwtation. 
The data shown in Figures 36 and 38 indicates that such a relationshi
p can be made for power loss 
density between bipolar and unipolar excitation conditions. 
The data s~own in Figures 36 and 38 is shown on the same set of axis in 
rigure 40 In this figure 
the x-axis represents flux density swing (t::..B) for both sets of curves, There is a strong co
rrelation 
between ferrite power loss densities under bipolar and unipolar exc
itation conditions. The power 
loss density is the. same for a given flux density swing and repetition fre
quency provided the 
following conditions are met: 
1. the ferrite material is operated ·in its linear region with respect to
 peak flux density, 
2. the ferrite material is operated at a frequency below which eddy curren
t loss is significant 
with respect to hysteresis loss. 
This correlation is expected since the minor hysteresis loops associated with 
bipolar and unipolar 
excitation are both constrained by the same major hysteresis loop. 
As in the· case of inductance index .measurements there is a correlation betwe
en core losses due to 
bipolar sinusoidal excitation and rectangular unipolar excitation. Thi
s correlation can be used as a 
shortcut to determine unipolar excitation losses since instrumentatio
n is more readily available to 
measure bipolar parameters than it is available to measure unipolar p
arameters. 
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25 Series Resistance 
The power loss associated with the conductors of the primary and secondary windin
gs an be 
modelled as resistances Rps and R11 in series with their respective winding_\. 
For most switchmode applications., the regulation in the series resistance of the 
transformers is less 
than 1 %. The significance of the values of Rps and R,, is not so much in circuit mode
lling. as it is 
in determining the temperature rise of the transformer. Even though tran
sformers used in 
switchmode applications are much more efficient than power line transforme
rs, they arc much 
smaller in size. The smaller size results in less surface area to dissipate heat cre
ated by power loss. 
Switchmode transformer efficiencies less than 99% are generally intolerable fro
m a thermal point 
of view. Excessive temperature rises will cause insulating materials to fail pre
maturely, creating 
intra-winding and inter-windings shorts. Discussions of the parasitic R,,,, had
 indicated that the 
temperature of the ferrite core must be controlled in order to avoid satura
tion effects in the 
parasitic Lw. Power losses in the parasitics Rps and Ru also affect the temp
erature rise of the 
ferrite core. 
The values of series resistance include both de and ac components. The de resi
stance term can be 
determined directly ·from the geometry of the coil and the resistivity- of the con
ductor as indicated 
in equation (2.5.1). 
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MLT..,: 
Pc: 
DC rcmtancc of winding (0) 
Mean length of turn of winding (cm) 
Number of turns in winding 
Cross sectional area of single turn of conductor (cm 2) 
Resistivity of winding conductor (0 cm) 
(2.5.1) 
The coil dimensions, in centimeters, used in equation (2.5.1) as they apply to a conventional 
concentric wound coil are shown in Figure 41 The coil dimensions, in centimeters, used in equation 
(2.5.1) as they apply to a planar wound coil are shown in Figure 42. 
The net flow of alternating curren.t through a conductor sets up a magnetic field. A conductor in. a 
transformer is contained within the magnetic field created by current flow within it and current 
flow within neighboring conductors. These magnetic fields set up voltage gradients within the 
individual conductors. The voltage gradients increase as the frequency of the net alternating 
current increases. These .voltage gradients drive circulating currents through the impedance (Rdr) 
of the conductor. These cir.cillating current.s create I~u-Rcu losses in addition to the l~R« losses 
attributed to net current flow through the winding. Several authors have shown that an effective ac 
resistance (Rae) in conjunction with the net current flowing through the conductor can be used to 
determine the I~;,Rcir losses associated with these circulating currents. 
The effective ac resistance is composed of two components: ac resistance due to skin· effect (RsJdn) 
and ac resistance due to proximity effect (Rprox). 
Skin effect losses are a consequence. of the fact that the circulating eddy currents ~ue to net 
.alternating current in a conductor oppose the net current at the center of the· conductor and aid 
the net current flow at the surface of the conductor. The overall· effect is that current appears only 
to flow at the conductor surf ace. The thickness of the conductor that cWTent flows through at the 
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1wfacc is characterized by the term &kin effect. Net current density decays exponentially u one 
examines conductor cross section away from the surface. The distance for which current density 
deaeases by t - 1 , or 63% is the skin depth. Skin depth at the frequency of interest and is given 
f 
by equation (2.5.2). 
A-~ V -;-;;:;;;J 
~: Skin depth at a particular frequency (cm) 
Pc: Resistivity of the conductor (0 cm) 
µ 0 : Magnetic permeability of free space ( 4 ,r 10-7 H) 
m 
(2.5.2) 
µc: Relative magnetic permeability of the conductor, this is equal to 1 for the 
typical conductor mat_erials (aluminum, copper, gold and silver) used in 
transformers 
f: Frequency of interest ·(Hz) 
The resistivities @ 20 °C,. temperature coefficient of resistivity and normalized skin depth @ 20 °C 
and 70 °C for some common conductor ·materials used in transformers are listed in Table 2.5.1. 
The relationship between sk~ depth and normalized skin depth is given by equation (2.53). 
l::,.S: 
k: 
f: 
~ ~ _!_ 
vi 
(2.53) 
Skin depth at a particular frequency (cm) 
Normalized skin depth (.;;;;) 
Hz 
Frequency of interest (Hz) 
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TABLE 2.5.1 
' 
Resistivity Resistivity Normalized N ormaliz.ed 
@20°C Temperature Skin Depth Skin Depth 
Coefficient @20°C @1CfC 
Conductor 10-60 cm 
% cm cm 
-oc 
../Hi ,.fiii 
Aluminum 2.62 .0039 8.40 9.20 
Copper 1.72 .0039 6.58 7.20 
Gold 2~44 .0034 8.11 8.77 
Silver 1.62 .0038 6.40 7.00 
The data shown in Table 2.5.1 ·and equation (2.5.2) indicate that the skin depth of a conductor 
increases as the temperature increases. The reduction in .losses is approximately inversely 
proportional to the square root of the increase of re.sistivity. 
The ac resistance due to skin effect is given by equation (2.5.4) . 
RJJdn _:_ 0.5 1 
. h h . . h 
·sm 7; + sm/l 
. h h 
cosh- - cos-
ll. ~ 
Rsldn: AC resistance of winding due to skin effect losses (0) 
h: Effective conductor height (cm) 
~: Skin depth at a particular frequency (cm) 
Rdc: DC resistance of winding (0) 
(2.5.4) 
Proximity effect losses are a consequence of circulating currents flowing in a conductor due to 
magnetic fields induced in it by current flow in neighboring conductors. The effective ac resistance 
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due to _proximity effect is given by equation 121 (2.5.5). 
cosh h . h - + cos-A A 
(2 )2 1 R = 0.5 !_ Pw -
p,m A 3 
-!-L h , h MlW- - sm-A A (2.5J) 
Rprar: AC resistance of winding due to proximity effect losses (fl) 
h: Effective conductor height (cm) 
A: Skin depth at a particular frequency (cm) 
Pw: Eff ectivc number of layers for a given winding 
Rdc: DC resistance of winding (fl) 
Equation (2.5.5) indicates that proximity losses increase very rapidly with the increase of 
surrounding conductors. 
The coil dimensions for a ~ncentrically wound circular conductor system as they apply to 
equations (2.5.4 and 2.5.5) are shown in Figure 43. The coil dimensions for a side by ~de wound 
circular conductor system as they apply to equations (2.5.4 ·and 2.5.5) are shown in Figure 44. The 
coil dimensions for a concentrically wound strip conductor system as they apply to equations (2.5.4 
and 2.5.5) are shown in Figure 45. The coil dimensions for a .planar conductor system as they 
apply to equations (2.5.4 and.2.5.5) are shown in Figure 46. 
Load current flowing through the windings of a transformer does not necessarily flow on all 
surf aces of the conductors. Load current flowing in the primary and secondary windings will 
concentrate at the primary/secondary interfaces. If a conductor section has two interfaces, then 
current will split to flow on both interface surfaces. This effectively reduces the number of ~ffective 
layers by factor two of from the number of physical layers for the section. If the. conductor is 
greater than a skin depth in thickness it can be viewed as a· doubling of the· effective cross sectio~al 
area of the concluctor. If the conductor is less than a skin depth,. circulating currents on the 
opposite surfaces of a conductor are in opposite directions. The overall effect is a cancellation of 
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the net circulating currents flowing in the conductor reducing losses. 
The surfaces that load current would concentrate near in concentrically wound strip conductor 
systems arc shown in Figure 47. The surfaces that load current would concentrate near in planar 
conductor systems are shown in Figure 48. 
A simplified procedure to calculate the effective ac resistance of a conductor system at a particular 
frequency is outlined as follows. 
1. Establish all primary/ secondary interfaces. 
2. Identify winding sections and current distribution for each winding. 
3. Determine the effective layers for each section. 
4. Calculate the skin depth for the frequency of interest. for the appropriate conductor material. 
5. Calculate the layer fill factor- (F1) for each section in accordance with equation (2.5.6). Note 
that for a strip wound or planar conductor system F1 equals 1. 
N1 De F,=--
D 
F1: Layer fill factor 
N1: Winding turns per layer 
De: Effective conductor width (c,n) 
D: Layer width ( cni) 
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6. Calculate the ratio of the effective conductor height to skin depth (y,) for each section in 
accordance with equation (2.5.7). 
h vF, 
,J, = ---fl. 
v,: Ratio of effective conductor height to skin depth 
h: Effective conductor height (cm) 
F1: Layer fill factor 
fl.: Skin depth at a particular frequency (cm) 
(2.5.7) 
7. Use the graph 131 shoWJ;l in Figure 49 to determine ratio of ac resistance to de resistance (F,) 
for each section. The graph shown in Figure 2.5.9 corresponds to equations (2.5.4 and 2.5.5). 
8. Calculate ac resistance for each section using equation (2.5.8). 
Rocws = Fr Rdcws (2.5.8) 
Racws: Effective ac resistance for a winding section (0) 
F,: Ratio of ac resistance to de resistance for a winding section 
Rdcws: DC resistance for a winding section (0) 
9. Combine effective ac resistance of the winding sections for each winding as required by 
series or parallel interconnections of the sections. 
In order to determine the conductor power losses for non-sinusoidal waveforms, the effecti
ve ac 
resistance needs to be calculated at the fundamental frequency as well as at all the harmonic 
frequencies for which the IjR1 product contributes significantly to the power loss. The Fourier 
series for various current· waveforms are shown in Appendix G. 
The effective ac resistance of each winding cannot be determined by empirical methods; how
ever, 
the total ac resistance of two windings can be determined. This is done-by measuring the real part 
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of the impedance looking into the primary winding with the secondary
 winding shorted. The real 
part of this impedance is given by equation (2.5.9). This test is pcrformw at the
 frr.qucncy of 
interest with a digital LCR meter. If the measured total ac resistance m
atches the calculated value 
within a reasonable error, it is safe to assume that the calculated values fo
r the respective windi~ 
are correct. 
N 
RSI = Rps + ( :..:L )2 ·RSJ N, (2.5.9) 
RSI: Total effective ac resistance reflected to primary winding (fl) 
Rps: Effective ac resistance of primary winding (0) 
R": Effective ac resistance of secondary winding (0) 
NP: Primary winding turns 
N1 : Secondary winding turns 
A schematic representation of the equivalent circuit model for this te
st is shown in Figure 50. For 
this measurement it is assumed that the impedance of the core loss 
resistance Rpp is much larger 
than the impedance of the parallel primary inductance Lpp· This 
assumption assures that the 
reactive circuit elements do not appear in the resistive impedance term
s. 
Total series ac resistance reflected to the primary winding as a functio
n of frequency characteristics 
for various 50 VA transformers are shown in Figure 51. 
For modelling a transformer in PSpice, there is not an easy mechan
ism to model the conductor 
losses at all of the harmonic frequencies. The simplest solution is 
to predetermine the currents 
and effective conductor resistances at all of the significant harmonic 
frequencies. The total losses 
for a given winding can then be determined -by a summation of the I}R1 over all the 
significant 
harmonic frequencies. Using equation (2.5.10), an effective resistance can be determine
d for each 
winding resulting in the same overall power loss for a given current waveform
. 
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p"" Rq1=f2 
""' 
(2.5.10) 
~ Eff ectivc resistance for a given current waveform (0) 
P"" Summation of total power 1~ in a winding (watts) 
lmu Net rms value of current waveform (Amu) 
Equation (2.5.10) provides for the proper regulation due to conductor IOMCS, but this method 
dilutes any damping that the conductor resistances may have at the higher order harmonics. 
2 6 Shwu Capacitance 
The impedance of the insulation used to isolate one conductor from another has a resistive 
component and a reactive component The resistive component is generally greater .than lOGO. 
There is seldom any appreciable loss in this component. The reactive component is due to 
capacitive coupling between adjacent conductors. The capacitive coupling that occurs between 
turns and layers of a winding· is modelled as a capacitance across the winding. 
Parasitic ringing on the front edge of current steps is the most obvious effect of shunt capacitance. 
Since the primary side shunt capacitance is in parallel with the primary side parallel inductance and 
the ideal turns of the transformer, any voltage across the shunt inductance must also be aa~ the 
shunt capacitance. A step voltage across a capacitance. must be preceded by a pulse of current. 
Since there are other reactive elements in the circuit, such as Lps and Lpp, this: pulse of current is 
oscillatory. This current ringing at the front of each current pulse creates losses in other circuit 
elements. 
An artificially high value of inductance can be interpreted for a winding, if the winding inductance 
is tested near the resonant frequency of the winding's inductance and shunt capacitance. This is a 
consequence of the fact that the impedance of a parallel LC circuit is controlled by both the 
inductive and capacitive components as the frequency approaches the resonant frequency. There is 
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no way to physically separate these two components during inductance measurements. 
The static capacitance in unit.s of picofarads (pF) between two conductors is given by equation 
(2.6.1.). The dimensions, in centimeters, used in this equation as they apply to cooccntric flat 
conductors in a coil are shown in rigure 52 The dimensions, in centimeters., used in thiA equation 
as they apply to adjacent round conductors, such as magnet wire in a coil, are shown in Figure 53 
In equation (2.6.1 ), t is the dielectric constant of the insulation between the conductors. 
C = 0.08854 t MLT D 
,~ 
(2.6.1) 
The calculation of the shunt capacitance of multiple turn per layer, multiple layer winding begins 
with the calculation of the layer to layer static capacitance treating the dimensions between 
adjacent layers as shown in Figure 53. The total effective capacitance would then be calculated 
using equation (2.6.2). 
4 L.., - 1 
C =-C--
eff 3 L; (2.6.2) 
Ceff: Effective shunt capacitance of winding (F) 
C: Layer to layer static capacitance (F) 
L.,.;: Number of winding layers 
This calculation of effective capacitance assumes that the winding is wound in .a conventional U 
transverse, thus creating a linear voltage ramp starting at zero between adjacent layers. This linear 
voltage gradient for each layer causes the effective capacitance between layers to be 33% greater 
than the static capacitance 141 •. The effective layer to layer capacitance would be the same as the 
. 
. 
static layer to layer capacitance if there was not a voltage gradient across the layer such as with 
single turn per layer concentrically wound foil windings or with multiple turn per layer Z transve~se 
windings. 
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The calculation of the !hunt capacilallcc of single layer winding begins with the 
calculatioo of the 
static capacitance of this winding layer to the nearest conductor layer (whether it be another 
winding. a shield or the magnetic core), treating the dimensions between adjacent laycn as shown 
in F'igure 52 The total eff ectivc capacitance would then be 33% greater than the s
tatic capacitance 
because of the linear voltage gradient across the layer. 
The calculation of the shunt capacitance of single turn per layer planar winding begins w
nilarly to 
the single layer· winding capacitance procedure with the cakulation of the static c
apacitance of the 
winding layer to the nearest conductor layer (whether it be another winding, a shield or the 
magnetic core), treating the dimensions between adjacent layers as shown in Figure 52. The total 
effective capacitance would then be calculated using equation (2.6.3). 
L., - 1 
C.1r= C 
.. JJ L 2 
w 
(2.63) 
Cq{ Effective shunt capacitance of winding (F) 
C: Layer to layer static capacitance (F) 
L.,: Number of winding layers 
For this equation the layer to layer effective capacitance is the same as the la
yer to layer static 
capacitance. This results from the constant voltage potential across the laye
rs. The effective 
capacitance of a multiple turn per layer planar winding can be treated similarly
 to conventional 
winding with the linear voltage ramp across each layer. The layer to layer effecti
ve capacitance of 
a single turn per layer concentric wound transformer is treated the s~e as th
e single turn per 
layer planar construction. 
For a multiple winding transformer, the shunt capacitance of each respective w
inding cannot be 
measured. However, the total shuµt capacitance of all windings reflected back to a
 test winding can 
be measured. This is done by measuring the self-resonant frequency of the tran
sformer sample. 
The open circuit impedance can be viewed as a parallel Le circuit. For a two winding transformer, 
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this self resonant frequency is governed by equation (2.6.4). 
l fr=. 
2 ,r VLpp CP' 
fr: Self resonant frequency (Hz) 
Lpp: Primary side parallel inductance (H) 
CP': Total shunt capacitance reflected to primary side (F) 
The total shunt capacitance reflected to the primary side is given by eq~tion (2.6.5). 
N 2 
J 
CP' = CP + N · Cs 
p 
CP': Total shunt capacitance reflected to primary winding (F) 
CP: Primary side shunt capacitance (F) 
C1 : Secondary side shunt capacitance (F) 
NP: Primary winding turns 
N1 : Secondary winding turns 
(2.6.4) 
(2.6.5) 
The impedance of a parallel .LC cir·cuit has maximum amplitude and a phase angle of zero at 
resonance. This characteristic can be easily observed on a digital impedance .analyzer. Typical 
impedance versus frequency characteristics for various 50 VA power transf armers are shown in 
Figure 54. 
During th~ self-resonant frequency test, the magnetic core is being driven by small signal 
sinusoidal bipolar excitation. The inductance of the winding being viewed would be that associated 
with initial permeability at some frequency at least an order of magnitude less than the self 
resonant frequency. In most instances, the self resonant frequency occurs at a frequency below the 
roll-off frequency of the ferrite material. In these instances the total reflected shunt capacitance of 
a winding is given by equation (2.6.6). 
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1 
CP' = 4 .2 f, Lpp 
/,: Measured self resonant frequency (Hz) 
Lpp: Primary side parallel inductance (H) 
CP': Total shunt capacitance reflected to primary side (F) 
(2.6.6) 
If the self resonant frequency is above the roll-off frequency, the winding inductance at the 
resonant frequency will be lower than the low frequency inductance. In these cases the LPP 
inductance needs to be calculated using equation (2.2.1). The µa term needs to be modified. A 
value of µ 0 can be estimated .from the small signal low frequency inductance measurement, 
using 
known values for N..,, At and le and assuming an appropriate value for 11. This estimated value of 
µ0 then must be modified by multiplying it by the ratio ( !!s!.._) , where µa/I is the low frequer;icy µafr 
magnetic permeability and µaft' is the magnetic permeability at the resonant frequency. Both of 
these permeability values can be obtained from a graph such as the one indicated in ragure 4. 
If the measured total reflected shunt capacitance matches the calculated value, it is safe to assume 
that. the ·caJ~ulated values for the respective windings are correct. 
26.1 Coupling Capacitance In addition to the capacitance between .the conductors of a given 
winding, there is capac.itive coupling between the conductors. of isolated windings. This 
phenomenon is modelled· as coupling capacitance, Cc. 
Leakage current can flow through the reactance of the. capacitance between isolated windings. This 
reactive impedance can be made low enough to allow leakage current to flow by: 
1. a large capacitance value, which is the typical mechanism in power line transf onilers where 
the typical coupling capacitance values are over lOOOOpF, 
2. a signal with high frequency .content, such as that associated with the rise and fall times of 
primary side voltage pulse or. the ringing on the front end of a voltage pulse. As shown in 
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Figure 55, the change of voltage across the primary winding also changea the voltage 
potential between the primary and secondary winding. 
The coupling capacitance is calculated in the same manner as the static capacitance indicated by 
equation 2.6.1. As shown in Figure 56, there is generally .discrete insulation added to the intrinsic 
insulation of the magnet wire to provide insulation between win~. In this case; the total 
coupling capacitance is the series combination of the three capacitances as indicated in equation 
(2.6.1.1). The capacitance associated with the discrete insulation usually has the smallest value and 
dominates the total capacitance. 
Cpw Csw Cw Cc = ------------
CpwCsw + CswCw + CwCpw 
(2.6.1.1) 
Coup.ling capacitance (F) 
Csw: Capacitance through insulation on primary magnet wire (F) 
Csw: Capacitance through insulation on secondary magnet wire (F) 
Cw: C~pacitance through insulation between windings (F) 
For switchmode transformers the coupling capacitance can be measured with a digital LCR meter. 
The measureme.nt is typically made at a frequency close to the intended switching frequency. The 
switching frequency is used since: 
1. the resolution of an LCR meter is such that it increases with increasing component Q factor, 
2.· the dielectric constant of many insulators change with frequencies greater than 1 MHz. 
Typical coupling capacitance versus frequency characteristics for various 50 VA power 
transformers are shown in Figure 57. 
2. 7 liles-Athertqn Mode/ 
Using discrete values for primary side parallel inductance Lpp and parallel resistance Rpp will 
create linear relationships between voltage and current. Linear relationships are valid for magnetic 
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I 
cores modified with large air gaps or operated al low induction levels. However, for most power 
applications, magnetic cores arc operated past their linear region slightly into their saturation 
region. The Jiles-Atherton model can be used in place of discrete values for L,,,,, R,,,,, L• and Rs,, 
The Jiles-Atherton equation is a mathematical model used lo describe sigmoid-shape hysteresis 
loops. This model allows one to simulate all the main features of hysteresis such as the initial 
magnetization curve, magnetic saturation, coercivity, remanence and hysteresis loss. 
~ The Jiles-Atherton model accounts for hysteresis loss but not eddy current loss. As previously 
discussed core loss varies with respect to frequency to the function f. A value of b near 1 indicates 
that hysteresis losses dominate over eddy current losses. As the value of b moves away from l 
towards 2 eddy current losses be.come significant with respect to hysteresis losses. Eddy current 
losses are not significant- for fusl generation power ferrite materials such as PC30, 3C8, P or N27 
at operating frequencies below 100 kHz. Eddy current losses are not significant for the newest 
generation power ferrite materials such as PC50 or 3F3 at operating frequencies below 500 kHz. 
The saturation flux density of MgZn ferrite ·magnetic materials varies as function of temperature. 
The saturation flux density decreases with· increasing temperature. This phenomena is observed 
with PC40 as observed in Figure 58. which displays the major hysteresis loop of a PC40 toroid at 
three different temperatures. The saturation flux density of magnetic materials such as nickel 
steels and powdered iron remain constant or decrease very little over normal transformer 
operating ranges. 
The Jiles-Atherton model is -developed from empirical data taken on the magnetic material of 
interest. The procedure to create a Jiles-Atherton model for a particular core material is outlined 
as follows. 
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TEMP= 25°C TEMP= 75°C 
B: 2100 Gauss/div H: 1.06 De/div B: 1970 Gauss/div H: 1.06 Oe/div 
TEMP= 110°C 
B : 950 Gauss/ div H: 1.06 Oe / div 
FIGURE 58 Major Hysteresis Loops For PC40 at Various Temparaures 
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1. Create a major hysteresis loop for the material of interest using the bipolar excitation circuit 
shown in Figure 10. The hysteresis loop must be established for a particular frequency a
nd 
temperature. 
2 Create a PSpice simulator of the bipolar excitation circuit. 
3. Using an iterative process outlined on page 328 of the PSpice version 4.01 manual,
 establish 
the values for Ms, Alpha, A, Kand C required by the model statement to match a hyste
resis 
loop created by a PSpice simulation to the actual hysteresis loop. 
The Jiles-Atherton.model (PC40TOR) listed below was developed for a toroidal core pressed from 
TDK's PC40 material with a height of 0.51cm, an inside diameter of 0.99cm and a
n outside 
diameter of 2.01cm. 
.model PC40TOR 
+ 
•VALID 
CORE(MS=320E3 Alpha=5E-7 A=7.5 K=15 C=l.05 
Area==0.254 Path=4.71) 
25°C, 60kHz 
The actual hysteresis loop measured at 60 kH~ 25 °C for this toroidal core is shown in 
Figure 59. 
The hysteresis loop obtained from a PSpice simulation is shown in Figure 60. A co
py of the 
PSpice program is ~hown in Appendix G. 
The core geometry parameters for a RM 10 core are substituted for the toroidal c
ore of the 
PC40TOR model statement. The model statement for a RM core made from PC40 .
material is 
listed below: 
.model PC40RM10 
+ 
•VALID 
CORE(MS=420E3 Alpha=5E-7 A=7.5 K=15 C=l.05 
Area=0.96 Path=2.58 GAP= .00051) 
25°C, 60kHz 
The major hysteresis loop obtained from the PSpice bipolar excitation simulator circuit is shown 
for the RMlO core in Figure 61. The hysteresis loop shown in Figure 61 agrees well wi
th the 
actual major ~ysteresis loop previously shown in Figure 15. However, the value of B, is 
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SCALE: B: 1984 Gauss/div H:0.49 Oe/div 
FIGURE 59 Actual Major hysteresis Loop for PC40@ 25 °C 
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FIGURE 60 PSpice Simulation of Major Hysteresis Loop for PC40 at 25 °C 
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FIGURE 61 PSpice Simulation of Major Hysteresis Loop for RM_lO Core at 25 °C 
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approximately 300 ga_uss in the PSpicc simulation whereas it was actually measured aa 600 gauss in 
Figure 15. 
A PSpicc simulator of the unipolar test circuit of Figure 17 is shown in Appendix H. The RMlO 
core is tested in this model. The current and voltage wavef orm·s for linear operation arc shown in 
Figure 62 and the resultant hysteresis loop is shown in Figure 63. The hysteresis loop shown in 
Figure 63 agrees well with the actual hysteresis loop shown previously in Figure 24. The current 
and voltage waveforms for non-linear operation are shown in Figure 64 and the resultant hysteresis 
loop is shown in Figure 65. The hysteresis loop shown in Figure 65 agrees well with the actual 
hysteresis loop shown pre.viously in Figure 25. 
The RMlO core was also tested in the circuit of Figure 17 with discrete values for 
LPP , Rpp , Lsp and Rsp in place of the Jiles-Atherton model. This PSpice program_ is shown in 
Appendix I. The resultant voltage and current waveforms for the same non-lil)ear operation 
condition that resulted in the waveforms of Figure 64 are shown in Figure 66. The same end 
results are obtaine~, but the insight to potential magnetic core saturation is lost. The viewing of a 
minor hysteresis loop is limited to those transformers defined by a Jiles-Atherton model and is not 
available for transformers defined by disc_rete parasitic elen:ients. 
The Jiles-Atherton model can be used very effectively to model the non-linear magnetic core 
characteristics. The models that are used· must correspond to specific frequency ranges in order to 
obtain the proper power losses and to specific operating temperatures in order to obtain the 
proper saturation characteristics. 
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3. TRANSFORMER PERFORMANCE IN POWER TRAIN TOPOLOGIES 
Th_c parasitic element determinations of section 2.0 are applied to three transformers 
operating at 
·three different frequencies. 
The first transformer (A) is designed to operate at 50 kHz in a unipolar forward converter. Th.e 
input. of this transformer rang.cs from 40Vft'ak to .6QV ~- The output of the transformer i
s half 
wave r.ectified and LC filtered to produce 5V de at lOAdc. The PSpicc simulator for this t
ransformer 
in a forward converte.r circuit operating at 50 kHz is shown in Appendix J. A schemati
c of the 
equivalent circuit for transformer A is sh<.lwn in Figure 67. Transformer prin:iary win
ding voltage 
and current waveforms arc shown in Figure 68. Transformer secondary winding 
voltage and 
current waveforms arc shown in Figure 69. 
The scco~d transformer (B) is designeq to operate at 500 kHz in ·a unipolar forward converter. 
The input of th~ transformer ~anges from 40V ~ to 60V pt>ak. The output of the transformer 
is 
half wave rectified and LC filtered to produce 5Vdc at 10Adc. The PSpice simul
ator for this 
transformer in a forward convei:ter circuit operating at 500 kHz is shown in Appe
ndix K. A 
schematic. of the equivalent circuit for transformer B is shown in Figure 70. Transformer primary 
winding voltage and current waveforms arc shown in Figure 71. Transformer secon
dary winding 
voltage and current wavcf orms are shown in Figure 72. 
The third transformer ( C) is designed to operate at 20 MHz in a fully resonant converter. The 
input of this transformer ranges from 40Vpeak to 60V ~- The output of the transfor
mer is half 
wave rectified and LC filtered to produce 5V "'-" at lOAdc. A schematic of the equivale
nt circuit for 
transformer C is shown in Figure 73. Transformer primary winding voltage and curren
t waveforms 
are shown in Figure 74. Transformer secondary winding voltage and current waveform
s are shown 
in Figure 75. These waveforms are taken from reference 1
51. 
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4. PARASITIC EUMENT TRADEOFFS 
For any network of capacitances, inductances and resistances, the eff ed of any clement can be 
made insignificant if the associated impedance of an element in a series branch goes to zero and if 
the associated impedance of an element in a shunt branch goes to infinity. The ideal limita of the 
discrete element model elements tha1 allow a power transformer to operate as a set of ideally 
coupled coils are shown in Table 4.1. 
TABLE 4.1 
PARASITIC IDEAL LIMIT 
Lpp 00 
Rpp 00 
Rps,Rs.s 0 
Lps,Ls.s 0 
Cp,Cs 0 
The physical relationships that limit each ·of these parasitics has previously been discus.sed in 
section 2.0. The different coil parameters affects each of the parasitics in a different manner. The 
general tendency of the parasitic elements. towards their ideal limits with respect to increases in 
particular. coil parameters are shown in Table 4.1. In this table, a "+" sign indicates a tendency 
towards the ideal limit, a " -" sign indicates a tendency away from the ideal limit and a ·v indi~tes 
an indeterminate tendency. 
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TABLE 4.2 
COIL PARASITIC ELEMENT 
PARAMETER 
LPf) Rw LpJ,LU Rl)J,Ru Cp,C, 
MLT + + - - -
D 0 0 + + -
h,. 0 0 - - + 
t,. - - - - + 
II oft,. - - + + + 
N.,,, + + - - 0 
The parasitics LPI' and RPI' are principally determined }?y the magnetic core. The parasitics 
Lp.,,La,Rps,Cp and Cs are principally determined by the coil. With these concepts in mind the 
following observations made from Table 4.2 are easily understood. 
1. A coil parameter that tends to create favorable values of LPP will create favorable values of 
2. A coil parameter that tends to create favorable values of the elements Lpp and R",,,, wiµ 
create unfavorable values of_Lps,Lss,Rps,Rss,Cp and Cs. 
3~ A coil parameter that tends to create· favorable values of Rps and Rss will create favorable 
values of Lps and Lss. 
4. A coil parameter that tends to create favorable values of Rps,Rss,Lps and Lss will create 
unfavorable values of Cp and C1 and vice versa. 
In previous discussions, the effect of the temperature rise associated with magnetic core loss on 
Lpp was established. There are other restrictions that Rpp and LPP place on one another that result
 
from the properties of materials used in the construction of magnetic components. Magnetic 
materials that have high magnetic permeability tend to exhibit saturation effects at lower flux 
density levels and tend to have higher power loss densities. These are properties of materials that
 
are observed from the empirical data used to calculate Lpp and Rpp and do not explicitly appear in 
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the governing equations for these parasitic values. 
The interaction between Lpp and RPP aff ccts the choice of an operating flux density for a specific 
application. At lower operating frequencies, saturation effects are the limiting factor in chOO&ing 
an operating flux density for a particular application. At higher frequencies, power loss density 
(PLD) becomes the limiting factor in choosing an operating flux density for a particular 
application. The frequency at which the limiting condition switches from saturation effccu to PLD 
effects is obtained from empirical data for specific magnetic cores. For this reason, an accurate 
and consistent database of the relevant properties of magnetic cores is essential for good 
transformer design. 
The previous discussions indicates that there are tradeoff s that must be made between the various 
parasitic elements. It is "therefore necessary to determine the first order parasitic elements that 
most significantly affect the performance of th~ power circuit. The sensitivity of several circuit 
topologies to the values of the various parasitic elements was demonstrated in the circuit 
simulations of section 3.0 However, the second order parasitics cannot" be neglected to the extent 
that they affect component reliability or to the extent that .they begin to significantly affect the 
performance of the power circuit. 
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5. CONCLUSIONS 
The discrete parasitic clement model can be used very effectively 
to model a power transformer 
for a given set of operating cc;mditions. Power .transforme
rs are usually designed in such a manner 
so that the values of the parasitic clements must be modifi
ed for each set of operating conditions. 
Procedures used to determine each parasitic· element of t
he discrete model were reviewed. These 
procedures include calculations and verification test proce
dures. Also included in these discussions 
was the significance of each parasitic component in aff
ecting the performance of various circuit 
topologies. 
Empirically derived data is used to determine the parasi
tics ( LPP and Rpp ) associated with the 
magnetic core. The accuracy of determining these p
arasitic relies on test procedures that 
accurately .and consistently obtain inductance index and p
ower loss data for magnetic cores under 
various large signal excitation conditions. The amoun
t of data required can be. reduced if 
correlations can be made between various excitation 
conditions and the limi.tations of the 
correlations are understood. 
Correlations between inductance index and core loss 
under bipolar sinusoidal and unipolar 
rectangular excitation conditions were made. These corre
lations were justified by examining the 
minor hysteresis for each excitation condition. These cor
relations are limited to the· linear region 
of the major hysteresis loop and to frequenci~s at which hysteresis los
s is the dominant loss 
mechanism. 
A comparison was made between modelling the effects o
f the magnetic core as discrete elements 
(Lpp and RPP) and modelling the· effects of the core using the Jiles-Ather
ton model. Current 
waveforms produced with the use of the Jiles-Atherton 
model represent the actual shape very 
accurately. Current waveforms produced with this model c
learly show non-linear saturation effects. 
However, it is more difficult to obtain convergence of PSp
ice transient simulations when using the 
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Jiles-Atherton model. The end effects are the same whether a discrete compon
ent model or the 
hysteresis model is used lo model the magnetic core. The saturation charac
teristics that are 
masked by a linear model should be apparent as data is taken from the empirical data
 used to 
determine the parasitic LPP. 
There are many well established methods that can be used to determine the para
sitic elements 
(Rp1 ,Ru,Lps,Lu,C~ and C1 ) associated with the coil geometry. The application of
 standard 
equations to conventional concentric geometrics as well as to planar coil geomet
rics was discussed. 
The sensitivities of these calculations was shown for the various parasitic
 elements. These 
parasitics are less sensitive to frequency and excitation levels than the core relat~d
 parasitics. 
Each of a coil's physical parameters affects these parasitics in a different manner
. Tradeoffs must 
be made between the core related parasitics and the coil related parasitics. Trade
offs also must be 
made between Lps,Lu and Cp,Cs. These tradeoffs must ~ made on the significance of e
ach 
parasitic in affecting the overall circuit perfo~mance. 
In order to examine the significance of the ·various parasitics in affectin
g overall circuit 
performance, the procedures developed to determine the various parasitic eleme
nts were used to 
determine the parasit~c element model of three separate transformers. Each of th
ese transformers 
was designed to operate in a specific application. The parasitic components 
were verified by 
standard test procedures. The circuit performance relative to the parasitic model
s was verified by 
PSspice simulation and actual performance. 
In summary, methods used to predict the electrical non-ideal properties of the t
ransformer were 
discussed. This discussion was used to illu_strate the physical limitations that cre
ate the parasitic 
networks around the ideally coupled coils of a transformer and the trade of
fs that must be 
considered in order to obtain acceptable electrical performance of the transformer
. 
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APPENDI~ A 
TEKTRONIX 7854 PROGRAM FOR B-IPOLAR INDUCTANCE INDEX DETERMINATION 
LINE INSTRUCTION 
NUMBER 
CXX) 1024 >P/W 
001 STORED VMDL 
002 AVGIO 
003 CRSI O >HCRD 
004 CRS2-1 1 > HCRD 
005 0 ENTER PER 1 > CNS 
006 1 CNS 1.5 • 2 >CNS 
007 1 CNS .5 • 3 > CNS 
008 CRSl O > VCRD 
009 CRS2-1 3 CNS > HCRD 
010 AREA 4 >CNS 
011 CRS2-1 2 CNS > HCRD 
012 VMDR AVGlO 
013 MEAN 
014 P-P 5 >CNS 
015 5 CNS Kl / 5 > CNS 
016 4 CNS 5 CNS / 7 > CNS 
017 7 CNS K2 / 7 > CNS 
018 4 CNS K3 • 8 > CNS 
019 7 CNS 8 CNS STOP 
NOTES: 
1. This program is used in conjunction with the circuit shown in Figure 10 to -display AL(?. 
CNS) ·in units of ~ and Bm (8 CNS) in units of gauss at the bottom of the oscilloscope 
T 
screen. 
2. ·constant Kl is the value of R 1 in units of. ohms. 
3. Constant K2 is N5 2 . 
4. Constant K3 used in line 017 is defined by. the equation below: 
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APPENDIX B 
TEKTRONIX 7854 PROGRAM FOR HYSTERESIS LOOP DISPLAY 
LINE INSTRUCTION 
NUMBER 
(XX) 1024 >P/W 
001 STORED VMDL 
002 AVGlO 
003 CRSl O >HCRD 
004 CRS2- l 1 > HCRD 
005 0 ENTER PER 1 > CNS 
006 1 CNS 1.5 • 2 >CNS 
007 1 CNS .5 • 3 > CNS 
008 CRSl O > VCRD 
009 CRS2-l 3 CNS > HCRD 
010 AREA 4 >CNS 
011 CRS2-l 1 CNS > HCRD 
012 0 WFM MEAN -
013 INTG MEAN -
014 Kl* 
015 4 >WFM 
016 VMDR AVGlO 
017 CRS2-1 2 CNS >HCRD 
018 MEAN 
019 P-P 5 >CNS 
020 CRS2-1 1 CNS > CNS 
021 MEAN-
022 K2 • 
023 4 WFM O VS 
024 4 CNS Kl • 7 > CNS 
025 5 CNS K2 • 8 > CNS 
026 7 CNS 8 CNS STOP 
NOTES: 
1. This program is used in conjunction with the circuit shown in Figure 10 to display a 
hysteresis loop on the oscilloscope screen as well as display ~ (7 CNS) in units of gauss 
and AH (8 CNS) in units of oersteds at the bottom of the oscilloscope screen. 
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APPENDIX B 
TEKTRONIX 7854 PROGRAM FOR HYSTERESIS LOOP DISPLAY 
2·. The constants Kl and K2 used in lines 012 and 020 respectively are defined by the following 
equations: 
1.27 Nx 
K2=--
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APPENDIX C 
TEKTRONIX 7854 PROGRAM FOR UNIPOlAR INDUCTANCE INDEX DETERMINATION 
LINE INSTRUCTION 
NUMBER 
(XX) 1024 >P/W 
001 STORED VMDL 
002 AVGlO 
003 CRSl O >HCRD 
004 CRS2-l 1 >HCRD 
005 0 ENTER PER 1 > CNS 
006 1 CNS 1.5 • 2 >CNS 
007 1 CNS .5 • 3 > CNS 
008 CRSl O > VCRD 
009 CRS2-1 3 CNS > HCRD 
010 AREA 4 >CNS 
011 CRS2-1 2 CNS > H CRD 
012 VMDR AVGlO 
013 MEAN 
014 P-P 5 >CNS 
015 5 CNS Kl / 5 > CNS 
016 4 CNS 5 CNS / 7 > CNS 
017 7 CNS K2 / 7 > CNS 
018 4 CNS K3 • 8 > CNS 
019 7 CNS 8 CNS STOP 
NOTES: 
1. This program is used in ·conjunction with the circuit shown in Figure 10 to display AL(7 
CNS) in units of ~ and AB (8 CNS) in units of gauss at the bottom of the oscilloscope T 
screen. 
2. Constant Kl is the value of R 1 in units of ohms. 
3~ Constant K2 is N5 2 • 
4. Constant K3 used in line 017 is defined by the equation below: 
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APPENDIX D 
TEKTRONIX 7854 PROGRAM FOR BIPOLAR CORE LOSS DETERMINATION
 
LINE INSTRUCTION 
NUMBER 
CXX) 1024 >P/W 
001 STORED VMDL 
002 AVGlO 
003 CRS1 0 >HCRD 
004 CRS2-1 1 > HCRD 
005 0 ENTER PER 1 > CNS 
006 1 CNS .5 • 3 >CNS 
007 CRSl O > VCRD 
008 CRS2-1 3 CNS > HCRD 
009 AREA 4 >CNS 
010 CRS2-1 1 CNS > HCRD 
011 0 WFM MEAN -
012 4 >WFM 
013 VMDR AVGlO 
014 MEAN-
015 4 WFM O WFM • 
016 MEAN 5 >CNS 
017 5 CNS Kl / 5 > CNS 
018. 4 CNS K2 • 6 > CNS 
019 5 CNS 6 CNS STOP 
NOTES: 
1. This program is used in conjunction with the circuit shown in Figu.re· 10 to display core loss 
(5 CNS) in units of watts and Bm (6 CNS) in units of gauss at the bottom o_f the oscilloscope 
screen. 
2. Constant Kl is the value of R 1 in units of ohms. 
3. Constant K2 used in line 018 is defined by the equatiqn below: 
KZ = 0.5 10
8 
NsAe 
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APPENDIX E 
TEKTRONIX 7854 PROGRAM FOR UNIPOLAR
 CORE WSS DETERMINATION 
LINE INSTRUCTION 
NUMBER 
{XX) 1024 >P/W 
001 STORED VMDL 
002 AVGlO 
003 CRSl O >HCRD 
004 CRS2- l 1 > HCRD 
005 0 ENTER PER 1 > CNS 
006 1 CNS .5 • 3 > CNS 
007 CRS1 0 > VCRD 
008 CRS2- l 3 CNS > H CRD 
009 AREA 4 >CNS 
010 CRS2-l 1 CNS >HCRD 
011 OWFM MEAN-
012 4 >WFM 
013 VMDR AVGlO 
014 MEAN-
015 4WFMOWFM* 
016 MEAN 5 >CNS 
017 5 CNS Kl / 5 > CNS 
018 4 CNS K2 * 6 > CNS 
019 5 CNS 6 CNS STOP 
NOTES: 
1. This program is used in conjunction with the circuit shown in 
Figure 10 to display core loss 
(5 CNS) in units of watts and tu3 (6 CNS) in units of gauss at 
the bottom of the oscilloscope 
screen. 
2. Constant Kl is the value of R 1 in units of ohms. 
3. Constant K2 used in line 018 is defined by the e
quation below: 
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APPENDIX F 
FOURIER SERIES FOR TYPICAL SWITCHMODE CURRENT WAVEFORMS 
UNIPOlAR REC...1ANGULAR CURRENT PULSE 
I ct> 
,---- --- - .. 
-- . 
r-- . - - -· - - - -
f 
t:_o 
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APPENDIX F 
FOURIER SERIES FOR TYPICAL SWITCHMODE CURRENT WAVEFORMS 
BIPOLAR REC"TAN.GULA,R CURRENT PUL~ES 
- ---. 
... 
T/8 
' 
h-t ~ // 9r -B -0 8 ;,./r -B 
- --
-
-~ 
k T 
146 
APPENDIX G 
PSPICE SIMUI.ATION PROGRAM TO GENERATE MAJOR HYSTERESIS LOOP 
8-H WOP FOR PC40 TOROID 
.temp 25 
• 
• CURRENT SOURCE 
• 
IINl O 1 sin(O 15 50k 0) 
IIN2 0 1 sin(O 15 50k 70u O 180) 
IIN3 0 1 sin(O 15 50k lOOu 0) 
IIN4 0 1 sin(O 15 50k 150u O 180) 
IIN5 0 1 sin(O 2 50k 180u 0) 
IIN6 0 1 sin(O 1 50k 310u O 180) 
Rin O 1 1.0 
• 
*INDUCTOR MODEL 
• 
Lpp 1 0 20 ;Inductor with twenty turns 
Kps Lpp .99999 PC40TOR ;ID 0.99cm OD 2.01 cm HGT 0.51 cm 
.model PC40TOR Core(MS=370E3 ALPHA=5E-7 A=7.5 K= 15 C= 1.05 
+ AREA=0.254 PATH=4.71) 
• 
* OUPUT OPTIONS 
• 
. options itl5 =0 ABSTOL= lnA VNTOL= lmV 
.probe 
.tran 1.0u 500u 460u 0 
.end 
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APPENDIX H 
PSPICE SIMULATION PROGRAM OF UNIPOLAR EXCITATION 
ON RMIO CORE USING JILES-ATHERTON MODEL 
UNIPOLAR HYSTERESIS U)OP FOR LOW PROFILE RMIO CORE 
• JILES-ATHERTON VERSION 
.temp 25 
• VOLTAGE SOURCES 
VDD 1 0 DC 18 
Cl I O 500u 
• AMMETER 
YAM 1 2 0 
• SIGNAL SOURCES 
VIN 5 0 PUL~E(O 5 lOu 20n 20n 8.0u 16.0u) 
• TEST COIL 
Lps 2 9 I.OU 
Rps 9 10 IOOM 
Lpp 10 4 5 ;Set winding with five turns 
Lsp 8 7 5 ;reset winding with five turns 
Kps Lpp Lsp .99999 PC40RM 10 ;Coupling coefficient set to reset 
Lss 2 3 I.OU 
Rs.s 3 7 IOOM 
• SWITCHING DEVICES 
DI 6 8 MBR360 ;DI 
Ml 4 5 0 0 M2N6768 ;QI 
• NOISE SUPPRESSION 
LN 6 0 100n 
• DEVICE MODELS 
.model MBR360 D(ls=403.6n Rs=36.68m Ikf=.6653 N= 1 Xti=O Eg= 1.11 Cjo=502.8p 
+ M=.5778 Vj=.75 Fc=.5 Isr=718.2n Nr=2) 
• Motorola pid = MBR320 case= 267-01 
• 88-09-15 rmn 
.model M2N6768 NMOS(Level=3 Gamma=O Delta=O Eta=O Theta=O Kappa=O Vmax=O 
Xj=O 
+ Tox= 100n Uo=600 Phi= .6 Rs= 13.98m Kp=20.77u W = .82 L=Zu Yto=2.885 
+ Rd=.219 Rds=4MEG Cbd=3.018n Pb=.8 Mj=.5 Fc=.5 Cgso=9.529n 
+ Cgdo= 178.Sp Rg=3.581 Is= 146.3p N = 1 Tt= 1490n) 
• Int'l Rectifier pid = IRFC350 case= T03 
* 88-08-29 barn creation 
.model PC40RM10 Core(MS=370E3 ALPHA=5E-7 A=7.5 K= 15 C= 1.05 
+ AREA=0.96 PATH=2.58 GAP=.00051) 
* OUTPUT OPTIONS 
.options itI5 = 0 ABSTOL = lnA VNTOL = lm V RELTOL = .01 
.probe 
.tran 1.000u 1.000m 950.000u 0 
.end 
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APPE~DIX I 
.PSPICE SIMl)LATlON PROGRAM OF UNIPOLAR EXCITATION 
ON RMlO CORE USING DISCRETE PARASITICS 
UNIPOLAR HYSTERESIS WOP FOR LOW PROFILE RMlO CORE 
• DISCRETE VERSION 
.temp 25 
• VOLTAGE SOURCES 
VDD 10 DC 18 
Cl 10500u 
• AMMETER 
VAM 12.0 
• SIGNAL SOURCES 
VIN 5 0 PULSE(O 5 lOu 20n Zoo 8.0u 16.0u) 
• TEST COIL 
Lps 2 91.0U 
Rps 9 10 lOOM 
Lpp 10 4 280U ;Set winding with five turns 
Rpp 10 4 300 ;Core loss resistance 
Lsp 8 7 280U ;reset winding with five tur:ns 
Kps "Lpp Lsp .99999 ;Coupling coefficient set to reset 
Lss 2"3 I.OU 
Rss 3 7 100M 
• SWITCHING DEVICES 
0168-MBR360 ;Dl 
Ml 4 5 0 0 M2N6768 ;01 
• NOISE .SUPPRESSION 
LN 6 0 100n 
• DEVICE MODELS 
.moddMBR360 D(ls=403.6n Rs=36.68m lkf=.6653 N=l Xti=O Eg= 1.11 Cjo=502.8p 
+ M = .5778 Vj = .75 Fe= .5 Isr = 718.2n Nr = i} 
* Motorola pid = MBR320 case= 267-01 
• 88'.'"09-15 rmn 
.model M2N6768 NMOS(Level=3 Gamma=O Delta=O Eta=O Theta=O Kapp·a=O Vmax=O 
Xj=O 
+ Tox=lOOn Uo=600 Phi=.6 Rs=13.98m Kp=20.77u W=.82 L=2u Vto=2.885 
+ Rd=.219 Rds·=4MEG Cbd=3.018n Pb=.8 Mj=.5 Fc=.5 Cgso=9.529n 
+ Cgd~= 178.5p Rg=3.581 Is= 146.3p N = 1 Tt= 1490n) 
•· Int'l Rectifier pid = IRFC350 case= T03 
•· 88-08-29 barn ·creation 
* OUTPUT OPTIONS 
.options ·itl5 = 0 ABSTOL= lnA VNTOL= lm V .RELTOL= .01 
.probe 
.(ran 1.000u 1.000m 950.000u 0 
.end 
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APPENDIX J 
PSPICE SIMULATION PROGRAM OF TRANSFORMER A 
IN A UNIPOL.AR FORWARD CONVERTER AT 50 kHz 
TRANSFORMER A IN A POWER TRAIN OFA 50 WATT FORWARD CONVEJlTER 
• OPERATING AT 50 kHz 
.temp 25 
• INPUT VOLTAGE 
VIN 2 1 DC 50 
• INPUT FILTER 
Cl 11 220U 
Ll 2 3 12U 
C2 3 1 660U 
• PRIMARY SIDE SWITCHES 
Ml 7 9 l 1 IRF250 ;01 
• PRIMARY SWITCH SNUBBER 
Rl 7 8 17.8 
C3 811690P 
D2 8 7 MR852 ;-D2 
• RESET DIODE 
D14 3 MR852 ;Dl 
• TRANSFORMER 
Cp 3 7 18.4P 
Lps 3 5 200N 
Rps 5 6 28M 
Rpp 6 7 2400 
Lpp 6 7 600U ;Primary winding eleven turns 
Kps Lpp Lsp .99999 
Lsp 10 11 79.34U ;Secondary winding four turn 
Lss 10 12 Z{>.4N 
Rss 12 13 4.3M 
Cs 13 11-27.6P 
.Lrs 1 4 317.36U 
Kpr Lpp Lrs .99999 
Ksr Lsp Lrs .99999 
;Reset winding eight turns 
* OUTPUT RECTIFIERS. 
D3 13 15 D1N5831 ;D3 
D4 13 15 DlN5831 ;D4 
D5 1115.D1N5831 ;D5 
D6 11 15 D1N5831 ;D6 
* RECTIFIER SNUBBERS 
R2 14 15 10 
C4 13 14 1000P 
R3 16 .15 10 
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APPENDIX J 
PSPICE SIMULATION PROGRAM OF TRANSFORMER A 
IN A UNIPOLAR FORWARD CONVERTER AT 50 kHz 
C5 11 16 HXXlP 
• OUTPUT FILTERS 
l2 11 17 13.7U 
C6 15 17 30U 
L3 17 18 0.5U 
C7 15 18 30U 
• LOAD IMPEDANCE 
RL 15 18 0.500 
• GATE DRIVE 
Vg 9 1 PULSE(O 12 500n 10n 10n 6.40u 20.0u) 
• GROUND REFERENCE 
R5 1 0 0.1 
R6 18 0 0.1 
• DEVICE MODELS 
.model MR852 D(Is = 111.5f Rs= 7.494m Ikf = .1157 N = 1 Xti = 3 Eg = 1.11 Cjo = 72.84p 
+ M=.4441 Vj=.75 Fc=.5 Isr=58.47n Nr=2 Tt=369.9n) 
• Motorola pid = MR850 case= 60-1 
• 88-09-22 rmn 
.model D1N5831 D(Is = 89.43u Rs= 3.991m Ikf = 163.5 N = 1 Xti = 0 Eg = 1.11 Cjo =3.488n 
+ M=.5044 Vj=.75 Fc=.5 Isr=l.188m Nr=2) 
• Motorola pid= 1N5829 case= D04 
* 88-09-13 rmn 
.model IRF250 NMOS(Level=3 Gamma=O Delta=O Eta=O Theta=O Kappa=O Vmax=O Xj=O 
+ Tox=100n Uo=600 Phi=.6 Rs=4.484m Kp=19.93u W=l.1 L=2u Vto=3.804 
+ Rd=50.32m Rds=888.9K Cbd=3.48ln Pb=.8 Mj=.5 Fc=.5 Cgso=1.46ln 
+ Cgdo=401.8p Rg=5.545 ls=40.52p N = 1 Tt=340n) 
• Int'l Rectifier pid = IRFC250 case= T03 
• 88-08-25 barn creation 
* OUTPUT OPTIONS 
.options itl5 = 0 ABSTO L = 1 uA VNTOL = 10m V RELTOL = .01 
.probe 
.fran 5000n lOOOu Ou 0 
.end 
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APPENDIX K 
PSPICE SIMULATION PROGRAM OF TRANSFORMER B 
IN A UNIPOLAR FORWARD CONVERTER AT 500 kHz 
TRANSFORMER BIN A POWER TRAIN OF A 50 WAIT FORWARD CONVERTER 
• OPERA TING AT 500 kHz 
.temp 25 
• INPUT VOLTAGE 
VIN 2 1 DC 50 
• INPUT FILTER 
Cl 2 1 0.94U 
Ll 2 3 lU 
C2 3 1 2.82U 
• PRIMARY SIDE SWITCHES 
Ml 6 17 1 1 IRF640 ;01 
M2 6 17 1 1 IRF640 ;02 
C3 6 1 200JP 
• TRANSFORMER 
Cp 3 6 17.2P 
Lps 3 4 35N 
Rps 4 5 9M 
Rpp 5 6 1000 
Lpp 5 6 60U ;Primary winding three turns 
Kps Lpp Lsp . 99999 
Lsp 7 10 6.67U ;Secondary winding one turn 
Lss 8 9 11.67N 
Rss 7 8 1.6M 
Cs 9 10 55.2P 
• OUTPUT RECTIFIERS 
Dl 9 12 D1N5834 ;Dl 
D2 10 12 D 1N5834 ;D2 
* RECTIFIER SNUBBERS 
Rl 9 11 5.12 
C4 11 12 1000P 
R2 10 18 5.12 
CS 18 12 1000P 
* OUTPUT FILTERS 
L2 12 14 lU 
L3 10 15 lU 
C6 14 15 3.39U 
IA 15 16 100N 
Cl 14 16 2.35U 
* LOAD IMPEDANCE 
RL 14 16 0.500 
152 
APPENDIX K 
PSPICE SIMULATION PROGRAM OF TRANSFORMER B 
IN A UNIPOLAR FORWARD CONVERTER AT 500 kHz 
• GATE DRIVE 
Vg 17 1 PULSE(O 12 500n 10n 10n 680n 2.0u) 
• GROUND REFERENCE 
R3 1 0 0.1 
R4 16 0 0.1 
• DEVICE MODELS 
.model D1N5834 D(ls=89.43u Rs=3.991m Ikf = 163.5 N= 1 Xti=3 Eg= 1.11 Cjo=3.488n 
+ M=.5044 Vj=.75 Fc=.5 Isr=l.188m Nr=2) 
• Motorola pid = 1N5832 case= 257-01 
• 88-09-13 rmn 
.model IRF640 NM0S(Level=3 Gamma=O Delta=O Eta=O Theta=O Kappa=O Vmax=O Xj=O 
+ Tox=lOOn Uo=600 Phi=.6 Rs=19.61m Kp=20.73u W=.66 L=2u Vto=3.788 
+ Rd=95.58m Rds=888.9K Cbd=l.872n Pb=.8 Mj=.5 Fc=.5 Cgso=l.745n 
+ Cgdo=334.7p Rg=2.954 Is= 16.39p N= 1 Tt=312n) 
• lnt'I Rectifier pid = IRFC'240 case= T0220 
• 88-08-25 barn creation 
• OUTPUT OPTIONS 
.options itl5 = 0 ABS TO L = 1 uA VNTO L = 1 Om V REL TO L = .01 
.probe 
.tran 100n 100u Ou 0 
.end 
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